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Zusammenfassung
Diese Arbeit behandelt die Versiegelung von Klu¨ften in Aufschlussanalogen von exhumierten
Kalksteinreservoiren im Omanischen Gebirge. Die Studie basiert vor allem auf mikroskopischen
Beobachtungen von Kluftfu¨llungen und zementierten Sto¨rungen, deren zeitliche Abfolge anhand
eines regionalen Models tektonischer Phasen definiert ist. Obschon unsere Beobachungen von
(exhumierten) Deformationsstrukturen statisch sind, versuchen wir Prozesse zu identifizieren,
die in großen Versenkungstiefen Kluftpermeabilita¨t schaffen oder zersto¨ren. Unser Ziel ist ein
verbessertes Versta¨ndnis der mikrostrukturellen Entwicklung von mehreren zeitlich aufeinander
folgenden Sto¨rungs– und Kluftfu¨llungsgenerationen, aufgeschlossen in Kalksteinen, welche im
Omanischen Gebirge unter tektonischen Decken tief versenkt wurden. Das Aufdecken von Her-
kunft und Wegsamkeiten kluftfu¨llungsbildender Fluide ist ein Baustein zum Versta¨ndnis eines
ru¨ckgekoppelten, natu¨rlichen Systems, das mechanische (Bruch), hydraulische (Fluidfluss und
Fluiddruck) und chemische Prozesse (Lo¨sung, Ausfa¨llung) unter variablen Temperatur– und
Druckbedingungen einschließt.
Das erste Kapitel pra¨sentiert die Detailstudie eines Netzwerks von Kalzitkluftfu¨llungen, welches
sich in den ju¨ngsten Schichten der Natih A Untereinheit gebildet hat. Die stabile Isotopenzu-
sammensetzung von Kalzitzementen wird anhand ihrer mikrostrukturellen Position und gema¨ß
der Altersbeziehungen zweier aufeinanderfolgenden Kluftfu¨llungsphasen in Kontext gesetzt. Ein
komplexes, auf drei Kalksteinschichten (VHB) begrenztes Netzwerk von Kluftfu¨llungen entstand
wa¨hrend Phase 1. In den Schichten ober– und unterhalb gibt es keine Kluftfu¨llungen. Der Fluid-
fluss war wa¨rend der ersten Phase schichtgebunden, kontrolliert von Bru¨chen in schichtparalleler
Ausdehnung. Die Sauerstoffisotopie von Phase 1 Zementen is im Equilibrium mit dem Neben-
gestein. Deren negativer δ13C Ausschlag wurde am Wahrscheinlichsten durch Vermischung von
kluftfu¨llungsbildenden Fluiden und niedrig-wertigem CO2 hervorgerufen, dessen Ursprung in or-
ganischem Material liegt. Organisches Material liegt konzentriert in schichtparallelen Styloliten
vor, deren Entwicklung der Kluftfu¨llungsbildung vorausgingen. Die kalzitzementierte Phase 2
Sto¨rung durschla¨gt jede Phase 1 Kluftfu¨llung. Die Phase 2 δ13C-Isotopie ist im Equilibrium mit
dem Nebengestein, wa¨hrend die δ18O Werte das Eindringen von externen Fluiden signalisieren.
Die δ18O-Isotopie zeigt Equiblibrierung der Fluide mit Gesteinen an, deren Isotopie um minde-
stens 2.5 ‰ an 18O angereichert ist als das VHB Nebengestein. Kalksteine mit entsprechender
Isotopie finden sich ca. 40 Meter unterhalb der VHB Schichten. Das vertikale Isotopenprofil
durch die lokale Stratigraphie zeigt eine stetige Anreicherung an δ18O mit zunehmender Tiefe
an. Dieser Trend wird mit der regional entwickelten Wasia-Aruma Diskondanz korreliert – her-
vorgerufen durch die Heraushebung der Karbonatplatform – ein fru¨hes Anzeichen der Ophio-
litu¨berschiebung.
In Kapitel 2 definieren wir acht tektonische Sto¨rungs– und Kluftfu¨llungsphasen im Omanischen
Gebirge und charakterisieren deren Mikrostruktur systematisch. Die zementierten Sto¨rungen
und Kluftfu¨llungen sind aufgeschlossen in exhumierten, kretazischen Kalksteinen mit einer Ge-
samtma¨chtigkeit von ca. 1 km. Die Gesteine wurden versenkt durch die U¨berschiebung von
tektonischen Decken. Fu¨r die Analyse von mineralischer Zusammensetzung, Mikrostruktur und
Altersbeziehungen in mehr als 70 Du¨nnschliffen von mehr als 50 Proben nutzten wir Durchlicht–,
sowie Kathodolumineszens– und Rasterelektronenmikroskopie. Wir definieren sechs Mikrostruk-
turtypen und pra¨sentieren zwei eigentu¨mliche Typen, die bislang noch nicht erwa¨hnt und/oder
detailliert beschrieben wurden. Die Entwicklung von Kluftfu¨llungstexturen wird diskutiert im
Hinblick auf die Geometrie und Textur der ersten Versiegelungsphase. Wir beschreiben ein Mo-
dell, dass die gleichzeitige Entwicklung von Bruchversiegelungstexturen an der Kluftfu¨llungsspitze
und Wachstumswettbewerbstexturen im Kluftfu¨llungszentrum erkla¨rt. Er wird diskutiert wie
Nebengesteinseinschlu¨sse epitaxial umwachsen werden sowie die komplexe Entstehung von blocki-
gen Kluftfu¨llungen, welche Anzeichen sowohl fu¨r antitaxiales als auch syntaxiales Wachstum
enthalten. Wir betrachten die Sa¨ulentextur als Anzeiger fu¨r die Versiegelung von fru¨hen Rissen
in flacher Versenkungstiefe. Die tektonische Heraushebung der untersuchten Kalksteine wird auf
die Zeit von Phase V interpretiert, da in den Zemenkalziten keine mechanischen Zwilligne mehr
beobachtet werdn.
Die blockige-Nachbar Textur wird in Kapitel 3 beschrieben und analysiert. Die Textur ist anhand
der bestehenden Modelle fu¨r Kluftfu¨llungen schwierig zu interpretieren, da es keine Wachstums-
wettbewerbtextur ist. Diese wird herko¨mmlich angenommen fu¨r die Versiegelung von Klu¨ften
durch Ausfa¨llung eines Minerals, das chemisch kompatibel mit dem Nebengestein ist (z.B. Kal-
zitkluftfu¨llungen in Kalkstein). Mikrokluftfu¨llungen in mikritischen Kalksteinen weisen diese
Texture ha¨ufig auf. Epitaxiales Wachstum wird dort beobachtet wo Kluftfu¨llungen gro¨ßere
Karbonatpartikel durchschlagen, sowie an Schnittpunkten mit anderen Kluftfu¨llungen. Unter-
suchungen am Rasterlelektronenmikroskop zeigen dass Zementkristalle epitaxial u¨berwa¨chsene
Mikritkristalle sind. Wir untersuchen die Bruchfla¨chenmorphologie und Rissausbreitungspfade
an ku¨nstlich gebrochenen Proben. In auf 200°C erhitzten Proben wurden transgranulare Bru¨che
nur an großen Karbonatparikeln beobachtet. In kalten Proben (gebrochen bei Raumtempera-
tur) wurden transgranulare Bru¨che auch an Mikritko¨rnern beobachtet. Die Mikrostruktur in
kalten und heißen Proben wir dominiert von intergranularen Bruchausbreitungspfaden. Bruch-
fla¨chenmorphologien von transgranular gebrochenen Ko¨rnern umfassen planare, glatte Fla¨chen
(kontrolliert durch die Spaltbarkeit) bis zu komplexen muscheligen Bru¨chen. Wir interpretieren,
dass epitaxiales Wachstum in Mikroklu¨ften ausschließlich auf Ko¨rner beschra¨nkt ist, die transgra-
nular gebrochen wurden. Dadurch gibt es eine begrenzte Anzahl von wachsenden Kalzitko¨rnern,
die die gesamte Mikroklu¨ft versiegeln. Bei einer einzelnen Versiegelungsphase ko¨nnen die Durch-
messer dieser Kristalle die Korngro¨ße des Nebengesteins um Gro¨ßenordnungen u¨bertreffen.
Diese Arbeit stellt die erste systematische und weitgefasste mikrostrukturelle Charakterisierung
von versiegelten Sto¨rungs– und Kluftsystemen in exhumierten Kalksteinen des Omanischen Ge-
birges dar. Die untersuchten Gesteine sind Aufschlussanaloge von Erdo¨l– und Erdgaslagersta¨tten
im Vorlandbecken. Wir zeigen an einem Beispiel detailliert, wie die Vera¨nderung von Span-
nungszustand und Fluiddruck die Wegsamkeiten von Fluiden beeinflussen. Die Stabile Isotopen-
analyse von Kluftfu¨llungszementen und Nebengestein erweist sich als wertvoll Methode diese
Vera¨nderungen nachzuweisen. Mikrostrukturen ko¨nnen fu¨r verla¨ssliche Prognosen genutzt wer-
den um Kluftu¨llungen zeitlich einzuordnen, sowie die Versenkungstiefe wa¨hrend der Versiegelung
zu bestimmen (z.B. Sa¨ulenkalzit und mechanische Zwillinge). Die in dieser Arbeit untersuchten
Sto¨rungen und assoziierte Kluftfu¨llungen weisen a¨hnliche Orientierungen, Kinematiken sowie
Geometrien auf mit solchen im Vorlandbecken. Die Anwedung des gewonnenen Wissens u¨ber
die Mikrostruktur von zementierten Sto¨rungen auf die gegenwa¨rtigen hydraulischen Eigenschaf-
ten von Sto¨rungen im Vorland sollte mit Vorsicht geschehen.
Daru¨ber hinaus haben wir den Effekt von transgranularen und intergranularen Bru¨chen auf die
Geometrie der Zementkristalle entdeckt. Da sich diese Geometrie klar von der Literature un-
terscheidet schlagen wir vor unser Modell fu¨r das Wachstum von Kluftfu¨llungen zusa¨tzlich in
Betracht zu ziehen.
Summary
This thesis focusses on the sealing of fractures in exhumed limestone reservoir outcrop analogues
in the Oman Mountains. The work is largely based on observations at micro-scale of veins and
cemented faults, which are well constrained to a regional model of successive brittle fracturing
and faulting events – termed tectonic phases. Although our observations of (exhumed) deforma-
tion structures are static, we have made attempts to identify processes that create and destruct
fracture permeability in limestones at burial depth. We aim to better understand the micro-
structural evolution of several successive fault and vein generations, hosted in limestones that
were deeply buried beneath major thrust sheets in the Oman Mountains. The reconstruction of
origin and pathways of vein forming fluids is a key to understand a complex, back-coupled nat-
ural system involving mechanic (fracturing), hydraulic (fluid flow and pressures) and chemical
(solution, precipitation) processes under changing temperature and stress conditions.
In the first chapter we present a detailed study on a complex crack-seal calcite vein mesh (net-
work) developed in the topmost layers of the Natih A member. Stable isotope compositions of
calcite veins and a calcite cemented normal fault are systematically put into context of micro-
structural position of analysed calcite samples and the temporal relationship of two successive
stages of veining. During Stage 1 a complex mesh of crack-seal calcite veins developed. The
mesh is confined to a stack of three limestone layers (VHB) – sandwiched by sedimentary rocks
that are lacking any vein development. Thus, the flow-regime of vein forming fluids was layer
parallel and fracture controlled during Stage 1. The oxygen isotope composition of Stage 1 veins
is largely in equilibrium with the VHB host rocks. A negative excursion of δ13C values is inter-
preted being caused by mixing of vein forming fluids with low δ13C-CO2 originated from organic
matter. Organic matter is found locally enriched at bedding parallel stylolites that predate Stage
1 veining. The Stage 2 fault crosscuts any Stage 1 vein and is filled by calcite. Stage 2 calcite
carbon isotope compositions are in equilibrium with VHB host rocks, while δ18O values indicate
ingress of external fluids. Oxygen compositions indicate that the fluids have equilibrated with
limestones that are at least 2.5 ‰ 18O enriched relative to the VHB host rocks at top of Natih A.
Limestone rocks with corresponding isotopic compositions are found some 40 meters below top
of Natih A. Vertical variations of limestone isotopic compositions showed a continuous trend of
18O diminished values towards the top of the Natih A member. The trend is correlated with the
Wasia-Aruma break – a regionally developed discordance caused by emergence of the carbonate
platform that preceeded nappe emplacement.
In chapter 2 we define eight tectonic phases of faulting and veining in the Oman Mountains and
systematically characterize their microstructure. The sealed faults and fractures are hosted in
exhumed, sub-nappe limestones encompassing Cretaceous stratigraphy with a total thickness of
approximately one kilometer. We used transmitted light microscopy, cathodoluminescence and
scanning electron microscopy to characterize mineralogy, microfabric and crosscutting relation-
ships of veins in more than 70 thin sections from more than 50 samples. We define six main
microstructural domains and present two peculiar microstructural domains, which have not been
mentioned and/or described in detail yet. The evolution of vein growth textures is discussed
with emphasis on the texture of the initial sealing. We describe a model that explains the sim-
ultaneous development of crack-seal microstructures at the vein tip and growth into open space
at the vein center. It is discussed how host rock inclusions can be overgrown by epitaxial growth
as well as the complexity of composite vein growth kinematics in blocky veins. We suggest that
the columnar texture indicates early fracture sealing at shallow burial depth. The exhumation
of the studied limestones is tied to tectonic Phase V, since vein calcites of Phases 5 – 7 lack
mechanical twins.
The blocky-neighbor texture is described and analysed in chapter 3. The texture presents a
challenge to interpret the lack of growth competition as suggested by long-established models
for sealing of fractures by precipitation of one mineral phase that is chemically compatible with
the host rock material (e.g., calcite veins in limestone). The fabric is generally observed in
microveins that are hosted fine-grained, micritic limestones. Epitaxial growth is observed where
veins intersect larger carbonate grains (i.e. echinoderm fossil fragments) and where veins inter-
sect each other. Scanning electron microscopy observations on broken samples shows that vein
filling crystals are epitaxial overgrowth of small micrite grains. We analysed fracture surface
morphologies and fracture paths of artificially broken samples. While some samples were broken
at room temperature, others have been heated to 200°C. Transgranular fractures are only ob-
served at large carbonate particles in hot samples, while in cold samples also micrite grains are
transgranularly fractured. The overall microstructure in both samples is dominated by inter-
granular fracture trajectories. Fracture surface morphologies of transgranularly fractured grains
range from planar, smooth, cleavage controlled morphologies to complex, conchoidal morpho-
logies. We interpret that epitaxial growth in microveins at burial conditions is restricted to
transgranularly fractured grains. This effect leads to a limited number of growing calcite grains
that eventually seal the entire microfracture. Diameters of vein filling crystals can exceed the
average host rock crystal size by several orders of magnitudes even if the vein formed by a single
crack-seal event.
The thesis represents the first systematic and comprehensive microstructural characterization of
sealed fault and fracture systems in exhumed limestones of the Oman Mountains. The studied
rocks are outcrop analogues of oil and gas reservoirs in the foreland basin of Oman. We showed
in detail how changes in stress and fluid pressure conditions can lead to changes in fluid flow
regimes. Those changes can be tracked by analysing the stable isotope composition of fracture
cements and adjacent limestone host rocks. Some microstructures can be used to make robust
inferences about timing (tectonic phases) and burial depth during fracture sealing (columnar
calcite and lack of mechanical twins). The faults and associated veins analysed in this thesis
have similar orientations, kinematics and geometries as those in the foreland basin. The gained
knowledge on the microstructure of sealed faults should be used with care to make inferences
on the present day sealing capacity and hydraulic properties of faults in the foreland. We fur-
thermore discovered the effect of fracture mechanisms on the sealing geometry in microveins.
As this geometry differs clearly from those suggested by the literature it should be considered
to incorporate our model into the world of vein growth.
Remarks
The chapters 1 to 3 have been written as self-standing entities that are already published or
which are intended to be published as separate papers. Therefore the repetition of some content
(i.e. text and figures) was inevitable.
Data disclaimer
Chapter 1 of this thesis is partly based on data, which has already been used and published in the
graduation thesis ’Evolution of a crack-seal calcite vein network in limestone: a high resolution
structural, microstructural and geochemical study from the Jebel Akhdar high pressure cell, Oman
Mountains’ (Virgo and Arndt, 2010, Diplomarbeit RWTH Aachen, urn:nbn:de:hbz:82-opus-
33858). The dataset acquired during fieldwork in 2008 (and stable isotope analysis in 2009) has
been significantly extended by new data acquired during fieldwork in 2012. The 2012 data has
been acquired in the framework of this thesis. Additionally to the stable isotope characterization
of vein calcite and their immediate host rocks (2009 data) we characterized the stable isotope
composition of the distal limestone host rocks hosting the veins (VHB – vein hosting beds, VHB
data in Figure 1.10). Furthermore we created a vertical sedimentary profile and systematically
analysed stable isotope compositions of layers below the vein hosting beds (’Natih A and B
beneath the VHB’ data in Figure 1.10). We were able to correlate the vertical variation of
limestone stable isotope composition (Figure 1.11) with regionally developed trends. New data
for the distal limestone host rock composition in the vein hosting beds allowed a more reliable
comparison of vein calcite with the host rock. In 2012 we analysed three distinct conjugated
en-echelon vein sets a few meters away from the main outcrop. This data was essential to
assign the structures (exposed in the main outcrop) to regionally recognised tectonic phases.
Therefore we were able to put the 2008/2009 dataset into a local as well as a regional structural,
tectonic, stratigraphic and chemostratigraphic context. Stable isotope data acquired in 2009 is
accordingly marked in the ’Sample-id’ (first column in table A.1).
Accordingly, we list data that was acquired in 2008/2009, and that has been published in the
thesis by Virgo and Arndt (2010) and reused in chapter 1:
• Outcrop gigapixel Panorama and detail photographs (Figures 1.5A, C; 1.7A, B, C).
• Thin section images (Figure 1.6B, C, D, 1.13).
• Orientation data of strain-fringes (Figure 1.8C, D).
• Stabe isotope data (Figures 1.10, 1.12, 1.13, 1.14, 1.15; see disclaimer above for details).
• The Figures 1.14 and 1.14 are a modified from figure 61 in Virgo and Arndt (2010).
• Rhadika Patro (IIT Kharagpur, now with Schlumberger) has created a GIS dataset of
vein segments and intersection points during her internship in 2010. The data presented
in Figure 1.5D has been calculated from this dataset.
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1.1. Abstract
We present a structural, microstructural and stable isotope study of a calcite vein mesh within
the Cretaceous Natih Formation in the Oman Mountains to explore changes in fluid pathways
during vein formation. Stage 1 veins form a mesh of steeply dipping crack-seal extension confined
to a 3.5 m thick stratigraphic interval. Different strike orientations of Stage 1 veins show
mutually crosscutting relationships. Stage 2 veins occur in the dilatant parts of a younger
normal fault interpreted to penetrate the stratigraphy below.
The δ18O composition of the host rock ranges from 22.5 ‰ to 23.7 ‰. The δ13C composition
ranges from 1.1 ‰ to 1.9 ‰. This range is consistent with regionally developed diagenetic
alteration at top of the Natih Formation. The δ18O composition of vein calcite varies from
22.5‰ to 26.2‰, whereas δ13C composition ranges from -0.8‰ to 2.2‰. A first trend observed
in Stage 1 veins involves a decrease of δ13C to compositions nearly 1.3 ‰ lower than the host
rock, whereas δ18O remains constant. A second trend observed in Stage 2 calcite has δ18O values
up to 3.3 ‰ higher than the host rock, whereas the δ13C composition is similar. Stable isotope
data and microstructures indicate an episodic flow regime for both stages. During Stage 1,
formation of a strata-bound vein mesh involved bedding parallel flow, under near-lithostatic
fluid pressures. The 18O fluid composition was host rock buffered, whereas 13C composition
was relatively depleted. This may reflect reaction of low 13C CO2 derived by fluid interaction
with organic matter in the limestones. Stage 2 vein formation is associated with fault-controlled
fluid flow accessing fluids in equilibrium with limestones about 50 m beneath. We highlight how
evolution of effective stress states and the growth of faults influence the hydraulic connectivity
in fracture networks and we demonstrate the value of stable isotopes in tracking changes in fluid
pathways.
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1.2. Introduction
1.2.1. Fluid flow and isotope exchange in fractured reservoirs
Growth of fracture meshes (networks) in deeply buried, low-permeability sedimentary rock se-
quences during crustal deformation plays a critical role in generating fluid pathways, and facil-
itates fluid redistribution between various crustal reservoirs. Isotopic studies of veins formed by
precipitation of minerals from fluids in these meshes can provide a powerful tool for exploring
scales of mass transfer and structural control on high fluid-flux pathways (Dietrich et al., 1983;
Rye and Bradbury, 1988; Cartwright et al., 1994; Abart et al., 2002; Knoop et al., 2002; Agosta
and Kirschner, 2003; Lefticariu et al., 2005; Cox, 2007).
In actively deforming regions, fluid pathways in fracture networks are governed by the dimensions
of fractures and the evolution of connectivity in an array of fractures between the upstream and
downstream parts of flow systems. As fractures tend to be short and isolated from each other
during the early stages of growth of fracture networks (Barnhoorn et al., 2010), vein sealing at
this stage is dominated by diffusional mass transfer through the fluid or by short range advective
fluid redistribution. Such veins tend to have an isotopic composition that reflects buffering by the
host rock. As fracture networks grow, they may propagate along the mechanical stratigraphy,
producing ’stratabound’ networks. As long as fluid circulation is tightly stratabound, fluid
composition will be buffered by the composition of the immediate host rock. However, growing
fracture networks may also propagate across stratigraphy, and thereby provide pathways for
fluid migration between rocks of differing isotopic composition. In this case, fluid composition
recorded by veins may be influenced by externally sourced fluids, buffered by host rocks further
upstream on the flow path. Transitions from rock-buffered conditions to more fluid-buffered
conditions, as connectivity in vein meshes evolves, have been recorded in isotopic studies of some
veins (Dietrich et al., 1983; Rye and Bradbury, 1988; Lefticariu et al., 2005; Cox, 2007).
At temperatures below approximately 250°C, isotopic exchange in carbonates between the fluid
and the solid phase is related to dissolution and precipitation processes (Hudson, 1977; Valley
and O’Neil, 1981). As externally buffered fluids react progressively with rocks of a particular
isotopic composition along a flow path, they become more rock-buffered towards the downstream
parts of the system. How closely rock-buffered a fluid becomes is dependent on many parameters,
but particularly on path length, fluid flow rate, total fluid flux, and kinetics of isotopic exchange
between fluid and reactive host rocks (Lassey and Blattner, 1988). Reactive transport modeling
of isotopic profiles in veins and host rocks along flow paths can be used to constrain flow direction
and fluid flux (e.g., Lassey and Blattner, 1988; Bowman et al., 1994; Barnett and Bowman, 1995;
Gerdes et al., 1995; McCaig et al., 1995; Abart and Sperb, 1997; Abart and Pozzorini, 2000;
Knoop et al., 2002; Cox, 2007). The isotopic composition of vein minerals formed during growth
of vein networks, may preserve a record of changes in fluid chemistry during the evolution of a
flow system (Dietrich et al., 1983; Rye and Bradbury, 1988; Cox, 2007).
(facing page) Figure 1.1.: Simplified geological map of Northern Oman. This
study is focused on the Natih Formation within Autochthon B. The autochthon has
been overridden by two major Nappes, the Hawasina and Samail Nappes during the
Upper Cretaceous. The study area is situated on the southern limb of the Jebel Akhdar
Anticline. See Fig. 1.2 for details. Modified from Breton et al. (2004); Searle (2007).
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Accordingly, the integration of stable isotope data from incrementally grown veins, with under-
standing of deformational control on the development of fluid pathways and their permeability
history, offers potential to explore the dynamics of coupling between growth of fracture networks,
fluid migration and fluid-rock interaction during crustal deformation.
1.2.2. Vein meshes in thrust belts
Vein meshes have been studied extensively in thrust belts with respect to their structure, mor-
phology, geochemistry, burial history and p-T conditions during vein formation. Sibson (1996)
studied earthquake (fault)-related meshes, with simultaneous fracture formation, where the in-
dividual mesh segments are open for fluid flow at the same time. Holland and Urai (2010)
described crack-seal vein meshes, where the mesh developed as successive vein generations. Vein
meshes in thrust belts can be stratabound (Odling et al., 1999; Noten et al., 2012), or cut ver-
tically through the stratigraphy (cf. Sibson, 1996; Eichhubl and Boles, 2000). They can form at
great depth (Lefticariu et al., 2005; Noten et al., 2012) or in shallow settings (Rygel et al., 2006;
see also Sibson, 1996). Fluid pressures during formation of vein meshes can be near-lithostatic
(Rygel et al., 2006; Noten et al., 2012) to hydrostatic (Eichhubl and Boles, 2000; Wiltschko
et al., 2009; see also Sibson, 1996 and Oliver and Bons, 2001, and references therein). Their
structural position varies widely and can be in the footwall (Dietrich et al., 1983; Wiltschko
et al., 2009) or in the hanging wall of major thrusts (Cooley et al., 2011; Rygel et al., 2006).
In addition, the spatial and temporal relation of vein mesh formation to folding is important
(Noten et al., 2012; Cooley et al., 2011; Lefticariu et al., 2005; Wiltschko et al., 2009; Rygel
et al., 2006). The origin of vein forming fluids can also vary widely. Fluids may originate locally
from the host rocks (Dietrich et al., 1983; Wiltschko et al., 2009), but also fluid transport over
large distances (i.e., meteoric water, basement fluids) has been widely recognized (Hilgers et al.,
2006; Lefticariu et al., 2005; Oliver and Bons, 2001; Rygel et al., 2006).
1.2.3. Microstructural processes in veins
Veins are produced by advection of fluid and/or local diffusional transport in fluid-filled fractures
that become sealed by precipitation of dissolved material (Cox et al., 2001; Hilgers and Sindern,
2005; Oliver and Bons, 2001). The transport processes during vein formation are still debated
(Bons et al., 2012, and references therein). In low-permeability rocks pervasive advective fluid
flow (i.e., at the grain-scale) is slow, and open fractures may be the major fluid pathways
(Laubach and Ward, 2006; Laubach et al., 2004a). Material transport may also occur by diffusion
along grain boundaries (Fisher, 1951) especially in partially sealed veins that are not connected
to advective fluid flow paths. It is widely accepted that more than one material transport process
can be active during the development of a vein (Bons et al., 2012; Elburg et al., 2002).
Veins can form by multiple crack-seal events (Ramsay, 1980) or by a single stage of opening and
progressive sealing of a larger fracture. An alternative vein growth process involves the force
of crystallization (Kelemen and Hirth, 2012; Matter and Kelemen, 2009; Bons and Montenari,
2005; Hilgers and Urai, 2005; Wiltschko and Morse, 2001). During vein growth the fracture walls
are either overgrown epitaxially without nucleation (Hilgers et al., 2004), or by growth of newly
nucleated crystals (Bons et al., 2012; Cox and Etheridge, 1983; Urai et al., 2001, and references
therein). The latter process occurs where vein minerals are different from those present in the
host rock (i.e., calcite crystals in slate; Hilgers and Urai, 2005; Hilgers and Sindern, 2005; Urai
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et al., 1991). Epitaxial overgrowth is typical for systems where the vein mineral is the same
phase as the host rock phase (e.g., quartz veins in quartz-rich sandstone Rickard and Rixon,
1983; Urai et al., 2001; Van Noten et al., 2008 or calcite veins in limestone Dietrich et al., 1983;
Holland and Urai, 2010; Kenis et al., 2000; Ramsay, 1980).
During crack-seal growth, crystals can incorporate solid and/or fluid inclusions, which are com-
monly interpreted to mark opening events (Ramsay, 1980; Cox and Etheridge, 1983; Renard
et al., 2005; Koehn and Passchier, 2000). Crack-seal veins that grow outwards from their me-
dian zone are called antitaxial, whereas veins, which grow towards the vein interior, are called
syntaxial (Bons, 2000; Durney and Ramsay, 1973). Both vein types require repeated and local-
ized opening.
The efficiency of fluid-rock isotopic exchange during fracture-controlled flow is likely to be
influenced by vein growth processes, especially when exchange is controlled by dissolution-
precipitation processes. In syntaxial veins, direct isotopic exchange with the host rock is in-
hibited, because the fracture-filling fluid (passing through the interior of a vein) is shielded from
the host rock by earlier vein fill. In antitaxial veins direct fluid-rock isotopic exchange can occur
with host rock during each fluid flow event. Where veins have a higher tensile strength than the
host rock, new fractures form outside of pre-existing veins (Caputo and Hancock, 1998; Holland
and Urai, 2010). This fosters efficient fluid-rock isotopic exchange.
1.2.4. Aims
The main aim of this study is to integrate variations in C/O isotopic composition of veins,
along with details of the internal structure of veins, to explore the mechanical, hydrological and
chemical processes and fluid pathways involved in the formation of calcite vein meshes (networks)
in overpressured, fine-grained limestones.
This study is the first attempt to integrate structural, microstructural and C/O stable isotope
data on calcite veins and their host rock in a rock volume of about 5 ⋅ 105 m3 (50 m stratigraphic
thickness ⋅ 100 m ⋅ 100 m laterally), to examine the evolution of a fracture-controlled, advective
flow system that formed in overpressured autochthonous footwall carbonates that were over-
thrusted by allochthonous nappes in central Oman. The veins occur in a dense mesh, and are
exceptionally well exposed in an area of large, bedding parallel pavements and adjacent cliffs.
Spatial and temporal variations in C/O isotope composition of calcite veins and their limestone
host rock are used to make inferences about the length scales of fluid transport during progressive
deformation in the Oman Mountains. The study highlights how evolution of effective stress states
and the growth of faults may influence the scale of hydraulic connectivity in fracture networks.
It also demonstrates the value of stable isotopes in tracking changes in fluid pathways.
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1.3. Geologic setting and previous work
We studied calcite veins hosted in limestones of the Natih Formation (Figures 1.1 and 1.2) in
exposures on the western flank of Jebel Shams in the Oman Mountains. The Cenomanian-
Turonian (approx. 90 – 100 Ma) Natih Formation in Oman was subdivided by Hughes-Clarke
(1988) into seven members (A-G). It is the topmost formation of the Cretaceous Wasia Group
that forms the upper part of the Hajar Supergroup, also known as Autochthon B. The Hajar
Supergroup comprises a 3 km thick succession of carbonate rock that was deposited at the
southern passive margin of the Neothethys from late Permian (Wordian) to late Cretaceous
(Turonian) (Breton et al., 2004; Searle, 2007). It unconformably overlies the Neoproterozoic-
Ordovician basement (Autochthon A).
The top of the Natih Formation (member A) is unconformably overlain by the Muti Formation.
The deposition of the Muti Formation reflects the transition from a passive continental margin
to a foreland basin (Robertson, 1988, 1987a,b; Al-Lazki et al., 2002; Searle, 2007; Terken, 1999).
It was deposited in a peripheral bulge that was caused by the south-directed obduction of
allochthonous deep-sea sediments and oceanic lithosphere (Hawasina and Samail nappes) during
the Late Cretaceous. Burial of the Mesozoic shelf sequence to depths of at least 7 km by
the emplacement of the Hawasina and Samail nappes occurred at approximately 95-70 Ma
(Searle, 2007). The Muti Formation is a seal for hydrocarbon reservoirs in the Natih A oil fields
of Oman’s interior (Al-Lazki et al., 2002; Terken, 1999; van Buchem et al., 2002). Its lower
unit is composed of pelagic shales, carbonates, terrigeneous turbidites, and limestone breccias
(Robertson, 1987a,b; Rabu et al., 1990).
After nappe emplacement several low strain extensional and transpressional tectonic phases af-
fected the region, and were followed by growth of the Jebel Akhdar Anticline, uplift and erosion
(Al-Wardi and Butler, 2007; Breton et al., 2004; Fournier et al., 2006; Hilgers et al., 2006; Hol-
land et al., 2009b; Virgo et al., 2013b). Oil is produced from Natih A limestone reservoirs in oil
fields in the foreland (Fahud and Natih Anticlines; e.g., Terken, 1999). These limestones have
porosities from 10 up to 30%, whereas the limestones outcropping in the Jebel Akhdar window
are compacted to very low porosity (Wagner, 1990), in response to burial under the Hawasina
and Samail nappe.
(facing page) Figure 1.2.: (A). Geology of the southern limb of the Jebel Akhdar
Anticline around the Al Raheba study area. The studied outcrop comprises the topmost
layers of the Natih A member of the Wasia Group. The geological map is simplified
after Beurrier et al. (1986). The stratigraphic column is compiled from Breton et al.
(2004); Searle (2007); van Buchem et al. (2002). The map location is shown in Fig.
1.1. Inset summarizes the local stratigraphy. Wadis have been outlined to illustrate local
topography. (B). Geological cross-section across the Jebel Akhdar Anticline, modified
from Searle (2007). The location of the section is indicated in Fig. 1.1 and illustrates
the structural setting of the study area at the boundary between the Wasia Group and the
Muti Formation (Aruma Group). The cross-section has no vertical exaggeration. The
inset schematically illustrates the Wasia-Aruma unconformity and the heterogeneous
distribution of calcareous siltstones (yellow) and limestone breccias (blue) in the Muti
Formation (sketch is not to scale).
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Figure 1.3.: Satellite image overview of sampling sites at the Al Raheba area. Stage 1
and Stage 2 fault veins were sampled at an outcrop comprising the three topmost layers
of the Natih A member. A gigapixel panorama photograph has been created for a
part of the outcrop (solid outline). The yellow dashed line indicates the approximate
lateral extent of the vein mesh. The isotopic composition of the limestones, which
host the vein mesh (VHB), is based on samples from locations shown as green dots.
Sampling through the stratigraphy of Natih A and Natih B member limestone (below
the VHB) was done at sites [1] and [2]. Stratigraphic and structural relationships
with the Muti Formation above the Natih Formation are obscured by extensive surface
rubble. Approximate location of en-echelon vein arrays, shown in Fig. 1.5, is indicated
by blue triangle (GeoEye imagery, band 3, 2 and 1 as RGB, pan-sharpened; Acquisition
Date: 2009-02-28).
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Bitumen reflectance measurements from the Natih B source rock (sequence III-4; cf. Wohlwend
and Weissert, 2012) in Wadi Nakhr (9 km SE of study area, Figure 1.2) indicate peak temper-
atures between 200 and 240°C (Fink, 2013).
In a regional structural and geochemical study on calcite veins in the autochthon of the Oman
Mountains Hilgers et al. (2006) described seven different vein sets and their stable isotope
composition. While most of the early vein calcites have a largely rock-buffered signature, late,
fault-related vein calcites are depleted in 18O relative to their host rock. Hilgers et al. (2006)
interpreted this as an indicator for meteoric water influx into deep reaching faults. Relatively
high δ13C values led to the interpretation that no significant amounts of hydrocarbons were
present during vein formation. Hilgers et al. (2006) proposed that most veins formed in a high-
pressure cell at close to lithostatic pressure, until the development of normal faults released the
overpressures and meteoric fluids infiltrated the sequence.
Holland and Urai (2010) focused on thin, closely spaced crack-seal veins – termed ’zebra’ veins.
The stable isotope composition of the zebra veins has been found to be in equilibrium with their
adjacent host rock. Holland et al. (2009b) described the vein systems of the Mesozoic limestones
on the southern flank of Jebel Shams in detail and proposed a model for the structural evolution
of the region. E-W trending normal faulting and related veins were interpreted as the last vein-
producing event in an area covering at least 30 square km adjacent to our study area. The work
was aided by a remote sensing study mapping calcite-cemented normal faults, open joints and
veins (Holland et al., 2009a), using high-resolution satellite imagery of the same area. These
studies were followed up by the high-resolution structural mapping of Virgo et al. (2013b). This
study improved the remote sensing map of Holland et al. (2009a) and presented a more detailed
model of the sequence of vein formation. It was concluded that veins at high angle to bedding
first formed in the NNW strike direction. These veins were successively overprinted by veins
at high angle to bedding, with various orientations. The vein sequence is consistent with an
anticlockwise rotation of a horizontal minimum principal stress. A key conclusion was that veins
at high angle to bedding formed both before and after normal faulting.
1.4. Methods
A part of the Al Raheba vein mesh has been captured in map view as a gigapixel panorama
(Figures 1.3, 1.4 and 1.5). Photos were systematically taken from an altitude of 3 m with a
constant overlap using a Nikon D80. The photos have been stitched with Autopano Giga and
orthorectified in ArcGIS, based on a 2 m grid that was painted on the outcrop. Over 100 thin
sections have been prepared from oriented drill plugs. The position and orientation of the thin
sections were used to georeference micrographs of calcite veins on the high-resolution base map
provided by the gigapixel panorama. Approximate locations of vein samples and chips of prox-
imal host rocks, whose stable isotope compositions were analyzed, were entered into the GIS
system as well.
Microstructures of calcite veins and stylolites were studied in transmitted and reflected light
using an optical microscope. Vein structures were studied at a large range of scales (cm to µm).
The orientations of tectonic stylolites oriented at high angle to bedding, were measured in the
laboratory in the drill cores.
To support the microstructural investigation of stylolites µFT-IR (micro Fourier-Transformation
– infrared spectroscopy) analyses were performed using a Perkin Elmer Spotlight 400 µFT-IR
Imaging System. Image data from polished blocks (reflection mode) were collected between 4000
10
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and 650 cm−1 at 16 cm−1 resolution with 32 scans per pixel against the gold standard. The area
of the sample was imaged over 12.0 mm ⋅ 12.2 mm using a 25 µm pixel resolution and a mirror
velocity of 1 cm ⋅ s−1. All spectra are represented in terms of absorbance against wavelength (in
cm−1). Water and carbon dioxide contributed by laboratory conditions were removed by sub-
traction of their characteristic spectra. For data visualization the software Spectrum IMAGE
was used.
At outcrop scale, 182 relative age relationships between intersecting veins were logged. The
relationship was determined by (1) structural superposition (intersection relationships; i.e., dex-
tral or sinistral strike separation), or (2) clearly different vein cement colors (cf. Holland et al.,
2009b).
In a subset of the gigapixel panorama (Figure 1.5A), vein intersection points, vein tips and
connecting vein segments were vectorized. This created a dataset of about 8,500 intersection
points, 10,000 vein tips and 16,000 vein segments. The average strike orientation of each vein
segment was calculated using the long axis of the minimum bounding geometry (MBG rectangle
by area; ESRI, 2014). This data was used to analyze strike orientation, length and frequencies
of vein segments (1.5D).
Carbon and oxygen isotope composition has been analyzed in 166 calcite samples. Eighty-seven
samples were from calcite veins, 15 samples were from limestone host rock less than 5 mm from
vein margins (’proximal’ host rock samples), 48 samples were from limestone host rock remote
from veins (’distal’ host rock samples, > 30 cm from visible vein development), and 16 samples
were from limestone within the Natih A and Natih B members up to 50 m below the vein-
hosting limestone beds (VHB) near the top of the Natih A member. Calcite and limestone were
all sampled from clean and unweathered material, away from ground surface dissolution effects
and surficial deposits of calcite flowstone.
Calcite samples selected for analysis were typically less than 1-2 mm3 in volume. These were
crushed and approx. 200 µg of powder was separated for analysis. The measurements were made
at the Australian National University, Research School of Earth Sciences, using a Finnigan MAT
251 mass spectrometer with a Kiel micro-carbonate device using 105% phosphoric acid dissolu-
tion at 90°C for 12 minutes. NBS-19 and NBS-18 standards were analyzed after every 8 samples.
C/O isotopic composition was normalized to the NBS-19 standard having δ18OVPDB = −1.41‰
and δ13CVSMOW = 1.95‰. The δ18OVPDB composition was converted to VSMOW using the
relationship
δ18OVSMOW = 1.03091 (δ18OVPDB) + 30.09.
The external precision (1 σstandard deviation) for isotopic analyses of calcite was typically
<0.06 ‰ for δ18O and <0.04 ‰ for δ13C. This is estimated from results for the NBS-19 and
NBS-18 standards run concurrently.
1.5. Results
1.5.1. Structures at meso- and micro scale
Description of the vein mesh
The studied limestone outcrop is close to the village Al Raheba, next to the road leading to
Jebel Shams. It comprises a bedding parallel pavement, which exposes a mesh of calcite veins
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Figure 1.5.: (Continued on the following page.)
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(facing page) Figure 1.5.: Structural characterization of Stage 1 veins at outcrop
scale. The average bedding orientation in the outcrop is 268/13 (dip direction/dip).
(A). Panorama photograph of the investigated outcrop (map view). White calcite veins
stand out clearly against gray-blue limestone. A zoomable panorama can be found
at: http: // www. ged. rwth-aachen. de/ links/ gigapixel. html . (B). Scene 1 -
Oblique view of part of the vein mesh, looking east. Note the connectivity of calcite
vein segments (location is indicated in A). (C). Scene 2 of panorama (as shown in
A) in the northern part of the vein mesh. The mesh is dense and comprises several
major orientation sets of vein segments. Isolated vein segments are rare, and it is
difficult to track a single vein from tip to tip. (D). Rose diagram of vein segment
strike orientations (normalized by length; n = 22 182; total segment length = 2404 m).
The diagram is based on average orientations of vein segments that were vectorized
in the northern part of the outcrop (area outlined by yellow dashed line). E. Lower
hemisphere (equal area) stereoplot of veins belonging to three vein orientation sets in
an area of low vein abundance adjacent to the main studied pavement area. The vein
arrays occur in lateral continuity with the main vein mesh (Location indicated in Fig.
1.3). F. Photograph illustrating crosscutting relationships of three vein orientation sets
as in figure E. (G). Sketch interpretation of F.
in the three topmost layers of the Natih A member (see Figures 1.1, 1.2, 1.3 and 1.4; 514433mE
2565865mN UTM 40N). The location has been mentioned by Holland et al. (2009b, their figure
8e,f) and the vein mesh has been described by Virgo and Arndt (2010).
The vein mesh is confined to three exposed limestone beds, which occur at the top of the Natih A
member (referred to as VHB, vein-hosting beds) with a total thickness of 3.5 m, immediately
below the contact with the Muti Formation. The bedding dips gently westward (268/13; dip
direction/dip). The three layers of the VHB are exposed over approximately 2.4 ⋅ 105 square
meters, and contain varying densities of steeply dipping calcite veins with various strike orient-
ations. The vein mesh at Al Raheba (outlined in Figure 1.3 and 1.4) covers an area of at least
2000 square meters and represents the highest density in the pavement study area (Figure 1.3,
1.4 and 1.5). The density of veins in the VHB decreases away from this outcrop. The limits of
the Al Raheba vein mesh to the west and north are not known due to lack of outcrop at the
stratigraphic level of the VHB. Holland et al. (2009b) described high-density vein networks as
being proximal to faults. The vein mesh at Al Raheba is approximately 1.2 km away from the
closest fault on the map of Holland et al. (2009a). Satellite image interpretation and direct field
observations in the area confirm that there are no substantial faults (displacement > 10 cm)
associated with the Al Raheba vein mesh.
Figure 1.5 shows an overview panorama of the outcrop. The white calcite veins stand out
clearly from the grey limestone in the polished outcrop. Individual veins are up to 3 cm wide.
The vein mesh is highly interconnected in this outcrop; it is difficult to find individual veins
that do not intersect others. Therefore, attempting to measure the ’standard’ vein or fracture
geometries (i.e., length, aspect ratios; cf. Vermilye and Scholz, 1995) is not meaningful. Below
the resolution of the photographs (1 mm), a multitude of microveins can be seen with hand lens
and in thin section. Microveins are present in every sample examined so far, with widths down
to the resolution of the optical microscope.
The vein mesh at Al Raheba is interpreted to comprise two generations of veins. Detailed study
13
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Figure 1.6.: (Continued on the following page.)
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(facing page) Figure 1.6.: Micrograph of the fine-grained, matrix-supported lime-
stone host rock with abundant benthic foraminifera and several microveins. Cross-
polarized light (xpl) with gypsum plate (λ) inserted. Section is parallel to bedding (S0).
(B). Elongate-blocky microfabric of a Stage 1 vein with a clearly visible median zone
near the center of the vein. (C). Swarms of host rock inclusion bands (yellow arrows)
that are oriented parallel to the vein walls are common in Stage 1 veins and indic-
ate antitaxial vein growth. (D). A microvein within a Stage 1 calcite vein; note that
the coarse early calcite has closely spaced mechanical twins, whereas calcite in the late
microvein contains few mechanical twins. (E). Microstructural overview of a Stage 2
fault vein. The thin section (TS) is perpendicular to both bedding and the vein (see
Fig. 1.7D,E for location). The vein is composed of two clearly distinguishable sub-
domains, which are of similar width (400 lm). The hanging wall part (N side) has
a blocky texture with variable grain size and abundant mechanical twinning. In the
footwall part, calcite grain size increases toward the vein center and mechanical twins
are less abundant. Offset of single marker crystal grains (mc) is identified across the
median boundary. This indicates that the hanging wall part has been displaced here
about 200 µm in dip-slip direction. (F). Detailed view of footwall part of the fault vein.
The vein rim is characterized by a zone, up to 60 µm wide, composed of blocky calcite
with small grain size. A thin, discontinuous, host rock inclusion band (solid, yellow
arrows) occurs approximately 50 µm from the vein margin. Toward the center, an
elongate-blocky fabric has a slight preferred shape orientation (SPO). A yellow dashed
arrow highlights the SPO, as well as the inferred crystal growth direction. Note: Large
calcite crystals locally contain host rock inclusion bands, which are parallel to the vein
boundary (white arrows).
of cross-cutting relationships between veins at outcrop scale (see Holland et al., 2009b) indicates
that most vein intersections do not have clear or consistent relative age relationships. Clear
cross-cutting relationships were observed only for a single E-W striking, dilatant, calcite-filled
normal fault. Veins in this normal fault are termed Stage 2 fault veins. All older veins are
classified as Stage 1 veins.
Adjacent to the main pavement (Figures 1.3, 1.4 and 1.5A) the vein mesh is less dense and three
distinct orientation sets of extension veins have consistent cross-cutting relationships (Figure
1.5E, F & G; see also section 2.4.1 in chapter 2). The oldest set comprises N-S striking veins;
these are cross cut by E-W striking veins of an intermediate age set. The youngest vein set is
NW-SE striking and partly reactivates veins of the previous vein sets (Figure 1.5F, G). Such
consistent age relationships are not present in the main outcrop (see below).
Stage 1 veins
Stage 1 veins form a complex mesh of calcite veins at high angle to bedding containing three
dominant orientation populations that correspond broadly to those present outside the main
outcrop. The most abundant orientation set of veins trend NNW-SSE. The second most abund-
ant set strikes NW-SE, and the least common orientation set has a WSW-ENE strike direction
(Figure 1.5). The mesh formed by Stage 1 veins is characterized by a range of different types
of junctions of vein segments (X, Y, T type junctions; see Figure 1.5C). The vast majority of
junctions show no shear offset. In this vein mesh, complex and often mutually crosscutting
15
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(facing page) Figure 1.7.: Structures of the late normal fault (Stage 2). (A).
Panoramic overview of the Stage 2 normal fault (Location indicated in Fig. 1.5A).
Locations of fault vein samples are marked by circles (Stage 1 in black; Stage 2 in
yellow). (B). A close-up view of a Stage 1 vein (blue arrows) that is clearly offset
by the Stage 2 fault vein (red arrows). (C). Detail of A illustrating the systematic
structural superposition of the normal fault (white arrows) against veins of Stage 1.
The location of the image is indicated by the yellow box in A. (D). Microstructural
overview of a Stage 2 fault vein (crossed polarized light; thin section parallel to bedding;
location indicated in A). The yellow dashed line indicates the location of a thin section
perpendicular to both bedding and to the fault vein (see Fig. 1.6E,F). The central part
of the vein is characterized by blocky calcite cements. On the lower rim of the vein
host rock inclusions are present (HR), as well as thin veins that branch from the thick
vein (red arrows). These thin, branching veins contain fine-grained calcite. Where
they merge with the main vein, they form fine-grained marginal zones in the main
fault vein (Fig. 1.6F). Elongate-blocky crystals across textural boundaries in the vein
indicate epitaxial crystal growth (blue arrows). E. Sketch illustrating orientation of
thin sections in Figs. 1.7D and 1.6E respectively.
relationships are common (e.g., two veins in an X-type intersection, with the first orientation
crosscut by a second at one locality, which in turn is crosscut by the first orientation at an
adjacent locality). At the thin section scale, similar mutually inconsistent relationships occur
within one vein junction.
Thicker veins commonly have horsetail-type splays developed near their terminations. Bundles
of anastomosing veins are common, together with stacked veins (one thicker segment connecting
two veins in a Y-type junction; cf. Virgo et al., 2013a). En-echelon arrays of shorter veins
are present in places. In some cases, veins change their orientation by up to 90°, without a
corresponding junction (Figure 1.5C).
At the micro scale, the host rock limestone is a wackestone with a fine-grained micritic matrix
and fossil fragments. Sparitic cement fills of fossils are always overprinted by microveins (Figure
1.6A). In thicker veins calcite is coarse-grained and blocky. In thin veins (e.g., typically < 1
mm thick), elongate-blocky microstructures are common. Growth competition is indicated in
places by a progressive increase in grain size from host rock towards the vein center where, in
some cases, a median line is present (Figure 1.6B). At micro scale, regularly spaced host rock
inclusions are commonly developed in single large calcite crystals; these bands of inclusions
are parallel to the vein-rock interface (Figure 1.6C); these structures are evidence for antitaxial
crack-seal growth (cf. Holland and Urai, 2010; Ramsay, 1980). The spacing of host rock inclusion
bands ranges between 4 µm and 40 µm. The spacing of crack-seal inclusion bands indicates that
formation of a 1 cm thick vein involves between 2500 (4 µm spacing) and 250 (40 µm spacing)
crack-seal events. The majority of vein calcite crystals are mechanically twinned, indicating
minor deformation after crystallization (Figure 1.6B,D).
In many thin sections a combination of different microstructures was present, which can be
classified using the terminology of Holland and Urai (2010): Case 1 (microveins forming in the
preexisting vein; Figure 1.6D), Case 2 (solitary microveins form in the adjacent host rock; Figure
1.6A), Case 4 (rough reactivation of vein - host rock interface and inclusion of host rock material;
Figure 1.6C) and Case 5 (sharp reactivation of vein - host rock interface without inclusion of
17
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Figure 1.8.: (A). Tectonic stylolite in a core sample that partly dissolved a NW-
SE-striking calcite vein (yellow arrows). The top plane of the sample is parallel to
bedding (top black arrow points to N). (B). Equal area, lower hemisphere stereoplot of
poles to tectonic stylolite orientations with contours after Kamb (1959). The stylolites
show a predominant steeply SW-dipping orientation. (C). Quartz-strain fringe around
a quartz-bearing fossil. The fringes contain mostly elongated, fibrous quartz crystals
with a well developed shape preferred orientation. The long axis of the strain shadow
is indicated by white dashed line. (D). Rose diagram of quartz-strain fringe strike
orientations. The lineations are predominantly trending NE-SW.
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Figure 1.9.: (A). Reflected light micrograph of polished VHB limestone block (ver-
tical to S0) containing bedding-parallel stylolites. The stratigraphic position is at the
boundary between bottom and mid VHB layer. White reflections in the stylolite indicate
presence of quartz. (B). µFT-IR average absorption map of a bedding-parallel stylolite.
The analyzed area indicated in Fig. A. Green and blue colors indicate presence of or-
ganic matter located at the stylolite. Matrix shows up in black. Color bar in B,C and
D represents absorbance versus wavelength (in cm−1). (C). Band-pass filter µFT-IR
absorption map showing the relative distribution of aromatic compounds. Yellow and
red colors indicate relative high amounts. Note halo around the stylolite distinguishable
from matrix (in cyan color). (D). Band-pass filter µFT-IR absorption map showing
relative distribution of aliphatic compounds. Yellow and red colors indicate relatively
high amounts. The map reveals the presence of a thin stylolite above the main stylolite
as shown by red colors. Matrix in green colors.
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(facing page) Figure 1.10.: (A). Stable isotope composition of limestones in mem-
bers A and B of the Natih Formation. The blue dots represent samples from the vein
hosting beds (VHB). These samples have been taken at least 30 cm away from visible
calcite veins. The red dots show the isotopic composition of limestone host rocks im-
mediately adjacent to Stage 1 and Stage 2 veins within the VHB. Isotopic composition
of limestone layers below the VHB is indicated by green squares. The brown triangles
show isotopic composition of limestones within sequence III-4 of Natih B member (data
from Wohlwend and Weissert, 2012). (B). Carbon and oxygen isotope composition of
vein calcites (hosted by VHB) compared with the isotopic compositional ranges of lime-
stone in the local stratigraphy. The ranges of C/O isotopic composition of limestones
(from Figure A) are indicated as follows: Blue - VHB; red - proximal host rocks within
VHB; brown - Natih B Member. For Stage 1 veins (black dots) two domains (A and B)
are defined. Domain A has a narrow range for δ18O and a shows a marked variation
in δ13C values. The C/O isotopic composition of veins within domain B is generally
enriched in 18O relative to domain A, but have a δ13C composition similar to the VHB.
Stage 2 fault veins are indicated by yellow circles.
host rock material; Figure 1.6C).
Stage 2 veins
The second generation of vein formation is represented by a single E-W trending, partly dilatant,
calcite-filled normal fault. This fault consistently crosscuts the Stage 1 veins and dips northwards
at about 65° relative to the bedding. It has a total length of 10 m, a maximum width of 2 cm,
and a maximum dip separation of 10 cm. At its eastern end the fault splits into two strands
(Figure 1.7). The dilatant, calcite filled parts of the faults are referred to as Stage 2 fault
veins. On the basis of its length and dip separation, this normal fault could penetrate to a
depth of order 10 m below the VHB (cf. Kim and Sanderson, 2005; Walsh et al., 2003). In
thin section, Stage 2 calcite has blocky to elongate blocky fabrics. Some large crystals (¿8 mm)
contain less mechanical twinning than calcite in Stage 1 veins (Figure 1.6E,F). Observations
made perpendicular to the vein and parallel to the dip-slip direction indicate that the Stage 2
veins contain evidence for both shear reactivation and dilation. Elongate crystal shapes and
offsets between the vein wall and host rock inclusion bands indicate opening at high angles to
the vein wall (Figure 1.6E,F). In contrast, very narrow shear planes offset marker crystals with
the same crystallographic orientation (Figure 1.6E).
Other deformation features
Both burial and tectonic stylolites are abundant in the VHB at macroscopic and microscopic
scale. At macro scale bedding parallel stylolites (i.e., burial stylolites) are generally crosscut by
Stage 1 veins. Tectonic stylolites are at a high angle to bedding and commonly crosscut NNW-
SSE striking Stage 1 veins (Figure 1.8A). However, the stylolites are crosscut by some NW-SE
and WSW-ENE striking Stage 1 veins. The majority of the tectonic stylolites dip steeply SW
(Figure 1.8B). Relatively insoluble material, such as detrital quartz and organic matter has been
enriched in stylolites. Aliphatic and aromatic compounds are enriched in the stylolites as shown
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(facing page) Figure 1.11.: Variations in δ18O (A) and δ13C (B) in distal lime-
stones as a function of depth beneath the top of the VHB. The local stratigraphy at the
Al Raheba site is shown in (C). The regionally developed sequence stratigraphy within
the Natih A Member and the top of Natih B Member at Minthar North (1.8 km south
of the study area) is illustrated in D (after Al-Husseini, 2010). Note a clear trend
of decreasing δ18O and δ13C compositions towards the top of the Natih A Member.
Yellow siltstones from the overlying Muti Formation did not contain enough carbonate
to obtain C/O isotope ratios. The contact between the Natih Formation and the Muti
Formation is not exposed at Al Raheba.
by the µFT-IR analysis (Figure 1.9). Organic matter is typically so fine grained that individual
grains commonly cannot be resolved using optical microscopy.
Strain fringes are present around spheroidal, quartz-bearing fossils, as well as around quartz
accumulations at stylolites (Figure 1.8C). The fringes contain elongate to fibrous quartz which
defines a shape preferred orientation (SPO). Both the SPO and the long axes of the fringes are
bedding parallel and trend NE-SW (Figure 1.8D).
Veins above and below the vein hosting beds
The layers immediately below the VHB contain no macroscopic veins. The next thick limestone
layer 10 m below the VHB contains two sets of widely spaced (5 m) calcite veins that are up
to 5 cm thick. These are at a high angle to bedding and strike NW-SE, parallel to the NW-set
of Stage 1 veins (cf. Figure 1.5E,F & G). These veins are clearly visible in satellite images
(Holland et al., 2009a), and are consistently crosscut by a less prominent NE-SW striking set of
veins.
In the Muti Formation directly overlying the VHB in our study area there is no exposure. About
10 m higher in the Muti Formation there is very limited vein development. In outcrops close
by (1 km to north), especially in carbonate breccias which are locally in direct contact with the
Natih Formation, there are many calcite veins. Detailed study of the veins in the Muti is the
subject of a follow-up project. However, initial interpretations indicate that the geometry of
these veins is not simply related to those of veins in the Natih Formation.
1.5.2. C and O isotopic compositions
Host rocks
Vein-hosting beds (VHB)
Samples of distal host rock in the VHB were taken more than 30 cm away from any visible vein.
Two lateral sampling traverses were used to characterize variations of C/O isotopic composition
of calcite in the VHB. One traverse extends more than 400 m to NE and the other was 200 m
long in an EW trend from the center of the vein mesh (Figure 1.3). The δ18O composition of the
limestone host rock in the VHB ranges from 21.8 – 23.7 ‰; the δ13C composition ranges from
1.5 – 2.3 ‰. C/O stable isotope compositional ranges of the VHB are shown in Figure 1.10,
while in Figure 1.11 both C and O isotopic composition are plotted against their stratigraphic
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depth. The entire suite of C/O stable isotope compositions are presented in Table A.1 (see
Appendix A on page 183).
Natih A and B members beneath the VHB
The Natih A and B members were sampled along vertical traverses in nearby wadis (see Figures
1.3 & 1.4) to characterize the variation in C/O isotopic composition over an approx. 50 m
stratigraphic interval beneath the VHB. Towards the top of the Natih A member the limestones
become 18O-depleted relative to those at deeper stratigraphic levels (Figure 1.11). The highest
δ18O values are found in sequence III-4 of the Natih B member and in a narrow excursion about
5 m below the VHB. From 50 m beneath the VHB there is a progressive decrease in δ18O from
25 ‰ to approximately 24 ‰ towards the hard ground limestone layer 10 m below. Within
the overlying nodular facies limestones there is a progressive upwards increase in δ18O until
5 m below the VHB. From this narrow positive excursion upward in the stratigraphy there is a
progressive decrease in δ18O upward in the stratigraphy, with the lowest values in the sequence
occurring within the VHB.
The cliff-building limestones between 10 m and 30 m below the VHB are enriched in 13C relative
to the rest of the sequence. The δ13C composition of sequence III-4 within the Natih B member is
comparable to the δ13C composition in the VHB (Figure 1.11). The δ18O and δ13C composition
of the VHB is up to 7 ‰ lower and up to 1 ‰ higher, respectively, than typical Upper Cretaceous
(94–91 Ma for Natih A member) marine limestones (cf. Veizer et al., 1999).
Proximal host rock
Proximal host rock samples have been taken within a few mm of Stage 1 and Stage 2 veins. The
range for δ18O in the proximal limestone is from 22.5 – 23.4 ‰. The range for δ13C is between
1.0 and 2.0 ‰. This compositional range is narrower than the range for distal VHB isotopic
compositions. The δ18O range is at the higher end of the range found in the distal host rock
(VHB) (Figure 1.10A). Significantly, approximately 50 % of the proximal host rock samples have
δ13C values up to 0.5 ‰ lower than the δ13C compositional range of the distal VHB (Figure
1.10A).
Vein calcite
Stage 1 veins
The δ18O composition of Stage 1 vein calcite varies from 22.5 ‰ to 24.4 ‰, while δ13C compos-
ition ranges from -0.8 ‰ to 2.2 ‰ (Figure 1.10B). For δ13C < 0.8 ‰, there is little variation in
δ18O composition (22.5-23.2 ‰). Above a δ13C value of 0.8 ‰ there is a wider spread in δ18O
values with a maximum of 24.4 ‰ (Figure 1.10B). Accordingly we distinguish two compositional
domains (A and B) within Stage 1 veins. Domain A veins have δ18O less than 23.3 ‰. This is
within the δ18O compositional range of the VHB. A few Stage 1 veins are 18O-enriched relative
to the VHB by up to 0.7 ‰ and define domain B (Figure 1.10B).
The domain B veins are characterized by a more restricted variation in δ13C (0.9 – 2.1 ‰) than
domain A composition (-0.8 – 1.6 ‰) (Figure 1.10B). There is no obvious relationship between
vein orientation and δ18O composition of vein calcite. Importantly, domain B veins (i.e., with
δ18O > 23.3 ‰) are not restricted to any particular orientation set of Stage 1 veins (Figure
1.12). Additionally, domain B veins all occur in the lowermost of the three VHB beds, and
have no spatial association with the Stage 2 fault. In general, domain 1B veins tend to be the
youngest veins in thin section and crosscut domain 1A veins.
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Figure 1.12.: Cross-plot showing variations in δ18O composition of veins as a func-
tion of vein strike. The δ18O composition of veins within domain B of Stage 1 is slightly
higher than Stage 1 domain A veins within the entire range of vein strike directions.
The most 18O-enriched veins occur only within the approximately EW-striking, late
fault vein.
Stage 2 fault veins
Vein calcite in the Stage 1 fault veins has a very narrow range in δ13C (1.0 – 1.5 ‰), whereas
δ18O ranges from 23.1 to 26.2 ‰. The δ18O compositions of Stage 2 calcite are evenly distributed
between the minimum and the maximum value. Significantly, the minimum δ18O value of Stage 2
calcite is 1.6 ‰ higher than the minimum δ18O value of the VHB (Figure 1.10B). Furthermore
the average δ13C value (1.3 ‰) is 0.6 ‰ lower than the average δ13C value of the VHB (Figure
1.10B).
Isotopic variations within veins
Although the analyzed population of Stage 1 veins has a restricted range of oxygen isotope
compositions, within veins there can be up to 2 ‰ variation in δ13C between the vein margin and
the vein interior (Figure 1.13A). Additionally, where Stage 1 veins crosscut another, differently
oriented Stage 1 vein, the two veins can have a significantly different C-isotope composition
(Figure 1.13B). Furthermore, the development of the younger vein does not appear to have
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perturbed the C-isotope composition of the adjacent parts of the older vein (Figure 1.13B).
Although the Stage 2 calcite has only a small variation in δ13C composition, up to 2 ‰ variation
in δ18O may occur across the vein (Figure 1.13C). This variation is comparable to the maximum
variation along the 10 m strike length of the entire Stage 2 fault.
1.6. Discussion
1.6.1. Constraints on timing of vein formation
In the foreland basin approximately 100 km SW of our study area, Mesozoic limestones of the
same sequence are porous hydrocarbon reservoirs (10 – 30% primary porosity; cf. Wagner, 1990).
In contrast, in our study area the limestones have near-zero porosity (Wagner, 1990). This com-
paction is inferred to be associated with the overburden of the overriding Hawasina and Samail
thrust sheets. Although the presence of mechanical twinning points to plastic deformation after
the veins were formed (Groshong, 1988), the steeply dipping Stage 1 veins don’t show evid-
ence for significant vertical shortening during compaction (such as folding, compaction halos
or crosscutting by bedding parallel stylolites, cf. Nollet et al., 2005a). Therefore we infer that
most of the compaction and associated porosity loss occurred prior to Stage 1 veining. Thus
the development of the Al Raheba vein mesh is interpreted to have occurred in the late stages
of, or after the emplacement of Hawasina and Samail nappes between 90 and 70Ma (cf. Searle,
2007). Some of the pore- filling cements (e.g., Figure 1.6A) could have formed during the first
burial phase or even during emergence of the platform before the nappe emplacement. These
are always crosscut by veins.
Several generations of veins at high angles to bedding have been postulated after nappe em-
placement (Hilgers et al., 2006; Holland et al., 2009b; Holland and Urai, 2010; Virgo et al.,
2013b). E-W trending normal faulting and associated vein formation were interpreted to have
taken place after these events. This normal fault system is regionally developed and exposed
in an area covering at least 200 km2. We interpret the Stage 2 fault as part of the set of E-W
trending normal faults (locally reactivated in strike-slip) described by Holland et al. (2009b);
Virgo et al. (2013b) elsewhere in the Jebel Akhdar Anticline. This fault population may be
related also to Campanian (approx. 84 – 72Ma) normal faulting in the foreland, outboard of the
thrust sheets (Filbrandt et al., 2006). The 15° dip of bedding in the study area is interpreted as
post-dating formation of the E-W faults (Virgo et al., 2013b), forming during late Miocene to
Pliocene development of the Jebel Akhdar Anticline (Glennie et al., 1973; Searle, 2007; Poupeau
et al., 1998).
1.6.2. Fracture-controlled fluid pathways
The Stage 1 vein mesh forms a highly interconnected and closely spaced network of veins at high
angle to bedding. Components of the mesh have various strike orientations, but are dominated
by veins with a 160 – 180° strike. The lateral extent of the vein mesh is nearly two orders of
magnitude larger than its vertical extent. Stage 1 vein development is thus strongly stratabound,
confined to three beds with a total thickness of 3.5 m. There is no Stage 1 vein development
immediately below these beds. Although direct outcrop observation is not possible at this
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location, we suspect that the Al Raheba Stage 1 vein mesh is not directly connected to veins in
the overlying Muti Formation.
The morphology and interconnectivity of the Stage 1 vein mesh is interpreted to have facilitated
fracture-controlled fluid flow parallel to bedding. The dominance of veins with 160° to 180°
strikes is expected to have led to strong anisotropy of fracture permeability. The common crack-
seal microstructures in Stage 1 veins suggest that there was only a limited number of open
fractures at any time during this stage.
As the Stage 2 fault is approximately 10 m long and has a maximum dip separation of 10 cm,
we interpret that it penetrates at least 10 m below the VHB (Kim and Sanderson, 2005; Walsh
et al., 2003), and the dilatant fracture in which this vein formed could access fluids from below
the VHB. Larger faults of this generation commonly offset the contact with the units overlying
the Natih, and we infer that the Stage 2 fault penetrates the overlying Muti Formation.
1.6.3. Isotopic variations in the host rock
The lowest δ18O values (21.8 ‰) in the VHB are 1.4 ‰ lower than the lowest δ18O values found
by Wagner (1990) in a regional study of Cretaceous limestones in northern Oman. His results
indicate the most 18O-depleted compositions (approximately 23.3 ‰) occur near the top of the
Natih A Member. These compositions are up to 4 ‰ lower than typical marine limestones of
comparable age. At deeper levels in the stratigraphy, some 250 m below the Natih A Member,
the top of the Natih E Member is also 18O depleted (minimum values of approximately 23.9 ‰).
The unusually low δ18O compositions are recognized regionally and are interpreted to result from
diagenetic alteration by infiltration of meteoric water during periods of sub-aerial exposure of
the Natih Formation (Gre´laud et al., 2006; Scott, 1990; Searle, 2007; van Buchem et al., 2002;
Wagner, 1990). This suggests exceptionally intense, early diagenetic alteration at the top of the
Natih A member at Al Raheba.
The C/O composition of the proximal host rocks is more tightly clustered than the composition
of the distal host rock (VHB) and defines a compositional field within domain A of Stage 1 vein
compositions (Figure 1.10). It is inferred that proximal host rock has been altered by fluid-
rock interaction immediately adjacent to Stage 1 veins during their formation. The proximal
host rocks tend to be slightly 13C depleted compared with the distal host rock (VHB) (Figure
1.10). About 50% of the measured limestone compositions fall outside the ranges found by
previous studies in the Jebel Shams area (Hilgers et al., 2006; Holland and Urai, 2010). This
is because these studies analyzed samples from deeper in the stratigraphy where syn-diagenetic
18O depletion of marine limestones did not occur (Figures 1.14 and 1.15).
1.6.4. Interpretation of isotopic variations within veins
Stage 1 extension veins
As the Stage 1 vein mesh is strongly stratabound within a 3.5 m stratigraphic interval, fluid
migration is likely to have been dominated by flow paths parallel to bedding, rather than across
bedding. There are no obvious Stage 1 fracture-controlled pathways linking the VHB to lower or
higher parts of the stratigraphic succession in the study area. The δ13C composition of the most
13C-depleted veins in Stage 1 domain A (-0.8 ‰) is not in equilibrium with the host rock (VHB),
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(facing page) Figure 1.13.: Three examples of variations in C/O isotopic com-
positions within veins. Vein microstructure and locations of analyses (colored circles)
are shown on the left; isotopic compositions of veins are illustrated on the right. For
reference the isotopic compositions of all measured vein calcites are indicated by grey
circles. All thin sections are oriented parallel to bedding. North is up in all micro-
graphs. (A). The micrograph shows a 1 cm wide calcite extension vein (Stage 1) with
three visible sub-domains (indicated). The leftmost domain and the middle domain
have almost the same δ18O composition, but the difference in δ13C is about 2 ‰. (B).
Comparison of isotopic compositions near intersection of two Stage 1 veins. Note the
C/O isotopic composition of the NW-striking vein (red and yellow circles) is constant
on either side of the vein intersection, whereas the δ13C composition of the NE- striking
vein (blue circle) is 1.3 ‰ higher than the earlier vein. The black arrow in the right
hand side chart shows position of yellow data point. (C). Two different sites within a
microstructurally complex, Stage 2 fault vein have a similar δ13C composition, but a
significantly different δ18O composition.
which has a minimum δ13C of 1.5 ‰ in the Al Raheba area (Figure 1.10). Approximately 65 %
of Stage 1 veins have significantly lower δ13C than their host rock (VHB), with δ13C extending
down to -0.8 ‰ (Figure 1.10B). In the stratigraphy within the 50 m below the VHBs there
are no limestones with δ13C less than 1.8 ‰ (Figure 1.11). Accordingly, it is unlikely that the
13C depletion trend in Stage 1 domain A veins is related to influx of fluids buffered by nearby
low δ13C limestones. However, there are several other mechanisms for producing 13C-depleted
fluids:
1. Isotopic exchange between CO2-bearing fluids and carbon in organic matter (usually with
very low δ13C) (Kerrich, 1990; Valley and O’Neil, 1981).
2. Oxidation of light hydrocarbon fluids (e.g., CH4) to CO2 by passage of reduced fluids
through oxidizing rock types (e.g., Fe3+-bearing rock types).
3. Progressive isotopic fractionation of very low total carbon content (ΣC) fluids along the
fluid pathway (e.g., Abart and Pozzorini, 2000).
4. Generation of low 13C CO2 fluids by oxidation, decarboxylation or hydrolysis of reduced
carbon during progressive heating, for example in stylolites (Kerrich, 1990; Ohmoto and
Rye, 1979).
Interaction of CO2-bearing fluids with reduced carbon (e.g., kerogen) may induce
13C depletion
in vein carbonates (Kerrich, 1990). At temperatures < 300°C isotopic exchange between reduced
carbon, fluids and calcite is kinetically inhibited (Valley and O’Neil, 1981), but partial exchange
is possible (Kerrich, 1990). Maximum paleotemperatures in the Natih Formation near Al Ra-
heba, inferred from bitumen reflectance (Fink, 2013) are between 240 and 320°C. The content
of primary, detrital organic matter is typically very low in carbonate mudstones (< 0.3 %), but
may be locally enriched by pressure solution (di Primio and Leythaeuser, 1995).
Equilibrium fractionation between reduced carbon and calcite at 300°C is approximately +11 ‰
(Bottinga and Craig, 1968). As organic carbon δ13C composition is typically -26 ± 7 ‰, δ13C
of calcite precipitated from fluid buffered by reduced carbon could be as low as -15 ± 7 ‰.
Accordingly, even though isotopic exchange may be inhibited at the temperatures of vein form-
ation, very little isotopic exchange between CO2 and organic carbon is required to achieve the
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observed 13C depletion of 2 ‰ relative to calcite in the host rock.
Progressive fractionation of C isotopes can occur downstream along flow paths in H2O-rich fluids
in which ΣC is very low. The 13C is preferentially fractionated to the solid phase (calcite) as
it precipitates, thereby leaving the fluid phase 13C depleted. A fluid having an initial isotopic
composition in equilibrium with the host rock, but low ΣC, could then progressively change to
a more 13C-depleted composition. This change can be indicated by vein calcite becoming more
13C-depleted. For flow driven by persistent gradients in hydraulic head, C-isotope fractionation
should lead to a persistent gradient in C-isotope composition of veins downstream along a flow
path. The lack of systematic spatial variations in C-isotope composition of veins across the
Al Raheba vein mesh (especially along the inferred NNW high permeability direction) indicates
that fractionation might not have been a significant factor influencing the 13C depletion trend
in Stage 1 (domain A) veins.
The B member of the Natih Formation is a hydrocarbon source rock, as are some limestones
deeper in the Mesozoic sequence (Terken et al., 2001; Terken, 1999). Oxidation of light hy-
drocarbons (e.g., CH4) can produce low δ13C CO2. However, as a source of oxidants (such as
red-bed sequences) is not apparent in the local stratigraphy, it is unlikely that mixing of oxidized
hydrocarbons with fluids in the vein mesh has influenced the C-isotope composition of fluids
and calcite veins.
In the prograde thermal regime expected in the limestone sequence in response to rapid burial
during nappe emplacement, low δ13C CO2 can be produced by thermal decarboxylation of
organic matter (Kerrich, 1990). Similarly, reaction between water and reduced organic matter
can lead to hydrolysis and oxidation of the organic matter and consequent production of low
δ13C CO2 (Kerrich, 1990). CO2 produced by thermal decarboxylation, hydrolysis or oxidation
of organic matter reflects the δ13C composition of the organic matter, and typically has a δ13C
(CO2) less than about -20 ‰ (Irwin et al., 1977; Reuning et al., 2009; Smith and Gould, 1980).
As the 13C composition of the most 13C-depleted Stage 1A veins is less than 2 ‰ lower than the
VHB, only a very small proportion of organically derived CO2 (generated by decarboxylation,
hydrolysis, or oxidation) is needed to produce the observed C-isotope compositional range.
di Primio and Leythaeuser (1995) have shown how effectively pressure solution can locally enrich
organic matter in carbonate rocks. In the VHB, organic matter has been enriched at pressure
solution seams (stylolites). The local enrichment of organic matter at pressure solution seams
is a prerequisite for effective petroleum generation and expulsion as well as CO2 production at
subsequent stages of deeper burial and organic matter catagenesis (Leythaeuser et al., 1995).
The µFT-IR results presented in Figure 1.9 provide support for this model. During Stage 1, any
fracture cross-cutting a stylolite would likely access CO2 that was produced from the organic
matter. Given that (i) common local enrichment of organic matter occurs at pressure solution
seams at high angle to the veins, and (ii) large fluid-rock reaction surfaces were generated by
repeated and dense fracturing, we infer that low δ13C CO2 was derived from organic matter
during Stage 1. This then mixed with fracture-filling fluids to precipitate vein calcite that was
up to 2 ‰ 13C-depleted relative to the VHB. This is in agreement with the strong spatial
variability in the δ13C composition of Stage 1 vein calcite (Figure 1.13).
Stage 1 domain B veins are slightly depleted in 13C relative to the VHB, but are up to 1 ‰
more 18O-enriched. The composition of the Stage 1B veins is consistent with buffering of δ13C
composition predominantly by the VHB, but with much less influence of 13C-depleted fluids
than is the case for Stage 1A veins. However, consistent 18O enrichment relative to the VHB
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probably indicates an influence of fluids that were up to 1‰ more 18O-enriched than the VHB.
This enrichment is plausibly related to influx of fluids that were buffered by reaction with the
narrow band of 18O-enriched limestones in the Natih A Member approximately 8 m below the
VHB.
Alternatively, externally buffered fluids could have had a δ18O composition influenced by reaction
with deeper Natih B limestones, or higher 18O limestones even deeper in the Mesozoic sequence.
However, the apparent lack of macroscopic veins that connect at depth with the Natih B Member
during Stage 1 likely precludes transport of fluids over significant vertical distances during
Stage 1. The influx of deeper, more 18O-enriched fluids into the VHB was apparently very
limited until the growth of the normal fault during Stage 2.
Stage 2 fault veins
The Stage 2 calcite has a narrow range in δ13C but is 18O enriched by up to 3 ‰ relative to
the average host rock (VHB) composition; the maximum 18O composition is 26.2 ‰ (Figure
1.10B). The linear trend of 18O enrichment of Stage 2 calcite relative to the composition of the
VHB is consistent with precipitation of vein calcite from externally sourced, 18O-enriched fluids,
which were progressively 18O buffered by the VHB.
Variations in δ18O compositions of limestones beneath the VHB provide some constraints on
potential sources of fluids having δ18O as high as 26.2 ‰. Such values are broadly consistent
with buffering of fluid composition by Cretaceous limestones with δ18O composition unaffected
by diagenetic alteration overprints (Veizer et al., 1999; Wagner, 1990).
At a depth of 5 m below the VHB there is a narrow interval in which δ18O reaches a maximum
of 25.3 ‰. The most 18O enriched Stage 2 calcites have δ18O about 1 ‰ higher (Figure 1.10,
1.11). The one sample analysed from this interval has a δ18O value of 25.3 ‰. But this is about
1 ‰ lower than the most 18O-enriched Stage 2 calcite (Figure 1.10, 1.11). Rock-buffering of
the O-isotope composition of water passing through this layer could lead to precipitation of vein
calcite in the VHB with δ18O as high as 25.3 ‰, but not as high as 26.2 ‰.
At still deeper levels, in sequence III-4 of the Natih B member, limestones do have an oxygen
isotope composition that is comparable to those of the most 18O-enriched Stage 2 calcites (Figure
1.10, 1.11). The most 18O-enriched limestones in our small sample suite from sequence III-4 are
approximately 1 ‰ more 18O-depleted than the most 18O-enriched Stage 2 calcite in the VHB.
However, limestones in the more extensive sample suite of Wohlwend and Weissert (2012), which
were collected up to 9 km SE of our field area, do have an 18O composition very similar to the
most 18O-enriched Stage 2 fault veins (Figure 1.10 &1.13).
On the assumption that the 18O composition of fluids in the limestone sequence is controlled
primarily by buffering by limestone and its components along fracture-controlled fluid pathways,
it is proposed that the O-isotope composition of fluids percolating through the Stage 2 fault were
buffered originally by limestones with normal Mesozoic δ18O compositions. Although a thin band
of such limestone occurs a few meters beneath the VHB, limestones with δ18O > 24 ‰ dominate
the stratigraphic sequence in the Natih B Member deeper than 50 m below the VHB (Figures
1.11 & 14). Involvement of Natih B limestones in buffering fluid 18O composition requires that
the small Stage 2 fault was hydraulically connected to this stratigraphic level. Given the small
strike extent of the fault (10 m), it is unlikely the fault penetrates as deep as 50 m. Accordingly,
the fluid pathway must have involved several hydraulically linked fractures.
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An alternative possibility is that 18O enriched compositions of Stage 2 calcites, relative to the
VHB limestone, may be related to fluids that were buffered by limestones at even deeper strati-
graphic levels, and then migrated through fault-fracture networks into the VHB. For example,
limestones at deeper levels in the Mesozoic sequence typically have δ18O in the range 25 –
28.5 ‰ (Hilgers et al., 2006; Wagner, 1990). However, this model requires that the length scales
on which fluids become 18O-buffered during fracture-controlled flow in limestones were in excess
of hundreds of meters. Although the length scales of such buffering are dependent on parameters
such as time-integrated fluid flux and flow rate (e.g., Abart and Pozzorini, 2000; Cox, 2007), the
finding that a large proportion of Stage 2 calcite samples have a δ18O composition that is close
to rock-buffered by the VHB indicates that rock-buffering has occurred on length scales much
shorter than hundreds of meters.
A further possibility is that the 18O-enriched Stage 2 fault vein samples reflect the influence
of 18O fractionation during down-temperature (i.e., upwards) migration of the fluids in the
fracture-controlled flow regime. Fluids with a composition buffered at 300°C by limestones
having δ18O of 28 ‰ could precipitate calcite with δ18O of 31 ‰ at 250°C, or 34.7 ‰ at
200°C (Kim and O’Neil, 1997). The lack of such extreme 18O-enrichment in Stage 2 fault veins,
together with the apparent length scales on which O-isotope buffering apparently occurs along
fluid pathways (as discussed above), indicate that effects of isotopic fractionation related to
down-temperature flow of fluids are minimal. Certainly, any temperature gradient effects on
18O fractionation between the Natih B limestones, and the VHB some 50 m stratigraphically
higher, are negligible compared with effects related to rock buffering by limestones with a δ18O
composition several per mil higher than the VHB.
Potential isotopic exchange with the Muti Formation
The potential influence of limestones and calcareous siltstones in the overlying Muti Formation
on the C/O isotopic character of Stage 1 veins in the uppermost Natih Formation cannot be
constrained using the available data. There is a lack of calcareous sedimentary rocks and a
scarcity of veins in outcrops of the Muti Formation within a few tens of meters of the Muti-
Natih contact at Al Raheba. This suggests that the Muti Formation is not involved in buffering
the composition of fluids associated with vein development in the Natih A member.
The possibility remains that the isotopic composition of Stage 2 fluids may have been influenced
by fluid-rock reaction with marine carbonates which occur locally within the Muti Formation
overlying the VHB. However, lack of outcrop of limestones or calcareous mudstones in the Muti
Formation in the vicinity of our study area precludes further study of this aspect.
1.6.5. Evolution of structures and fluid flow regimes
The Stage 1 vein mesh is interpreted to have grown progressively by increases in vein length and
width, along with episodic nucleation of new fractures and veins. With ongoing evolution of the
mesh, new fractures have interacted more and more with existing veins that act as mechanical
anisotropies and heterogeneities (Virgo et al., 2013a).
Processes controlling the C/O isotope composition of calcite veins during Stage 1 are confined
predominantly to the VHB. Vein growth during Stage 1 was dominated by largely stratabound,
fracture-controlled flow within the VHB. During Stage 2, processes controlling the isotopic
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composition of calcite are confined to a shear vein penetrating the stratigraphy beneath, and
possibly above, the VHB. Stage 2 vein growth was governed largely by localized, fault-controlled
fluid flow at a high angle to bedding. The change from the Stage 1 to Stage 2 flow regime is thus
marked by a transition from predominantly bedding parallel, fracture-controlled flow within
an areally extensive fracture network within the VHB, to the development of a more deeply
penetrating, more localized, fault-controlled flow regime which allowed influx to the VHB of
externally buffered fluids in Stage 2.
The composition of Stage 1A veins reflects rock-buffering by 18O of the VHB, along with small
but variable addition of 13C-depleted CO2, interpreted as being derived from local fluid reaction
with organic matter in the VHB. The slightly different composition of Stage 1B veins is inter-
preted to reflect either (1) shutdown of the source of 13C-depleted fluids, or (2) rock-buffering
of δ13C by the VHB, along with continued ingress of slightly 18O-enriched fluids which were
buffered partly by the sub-VHB limestones. This could reflect some limited, late downward
growth of the fracture network into sub-VHB limestones.
The transition from Stage 1 extensional vein formation to Stage 2 fault vein formation is asso-
ciated with a distinct change in C/O isotopic character of veins and the fluids that generated
them. Although most Stage 2 fault veins are slightly 13C-depleted relative to the VHB, indic-
ating influx of only a very minor component of 13C-depleted fluid, the key difference between
Stage 1 and Stage 2 fault veins is that the latter are mostly 18O-enriched relative to Stage 1
veins. Importantly, isotopic composition and structural relationships indicate that the Stage 1
vein mesh was sealed and de-activated as a fluid pathway by the commencement of Stage 2.
The rock volume influenced by fracture-controlled flow within the VHB during Stage 1 is orders
of magnitudes higher than in Stage 2. This suggests that exposure of migrating fluids to large
fracture surface areas during Stage 1 has facilitated more effective local rock buffering of 18O
composition than was the case during Stage 2.
Importantly, the Stage 1 and Stage 2 veins did not provide fracture pathways that were continu-
ously open to flow. Crack-seal microstructures indicate that at any instant, fracture apertures
were mostly less than several tens of microns. Host rock inclusion bands are interpreted to indic-
ate that the majority of fractures grew at the interface between veins and host rock. The growth
of typical veins required hundreds to a few thousand increments of fracture opening and sealing.
Fluid pathways therefore repeatedly switched between high permeability and low permeability
states. Accordingly, at any one site, flow must have been episodic. It is, as yet, unclear how
pathways have switched around the mesh during Stage 1, but the complex crosscutting relation-
ships between veins of various orientations suggest that pathways were geometrically tortuous
(cf. Barnhoorn et al., 2010). It is also not clear whether the Stage 1 vein mesh grew by episodic
pulses of synchronous permeability enhancement and flow across the entire mesh, or whether
at the mesh scale, flow was quasi-continuous, with permeability switching (crack-seal) occurring
asynchronously at scales of individual vein segments.
1.6.6. Stress, strain and fluid pressure regimes
The orientation of the Stage 1 extension veins implies that σ3 was parallel to bedding during
their formation (Virgo et al., 2013b). The total extensional strain in the bedding plane associ-
ated with Stage 1 vein formation involved stretching in various directions within the bedding
plane. The maximum stretch is in ENE direction, perpendicular to the dominant vein trend.
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This stretching direction is slightly inclined to the small, NE trending ductile stretch indicated
by grain-scale strain fringes (Figure 1.8). The strain associated with vein opening, although
small, is transitional between pure flattening strain and plane strain. This is consistent with
vertical shortening in response to a near-vertical maximum principal stress during Stage 1, with
the dominant orientation for σ3 ENE trending. The presence of extension veins in variable
orientations requires that σ3 and σ2 rotated in the bedding plane during Stage 1. A vertical σ1
during Stage 1 is consistent with vein formation after emplacement of the Hawasina and Samail
nappes.
As the NNW trending Stage 1 veins are commonly overprinted by steeply dipping, NW trending
stylolites, and the latter are, in turn, commonly cut by NW and WNW trending Stage 1 veins, it
is inferred that σ1 was nearly parallel to bedding and trending NE-SW, at least transiently dur-
ing the growth of the Stage 1 vein mesh. A lack of extension veins with orientations consistent
with the stress field during formation of the tectonic stylolites does not allow a determination
of whether the stress regime was normal faulting, contractional or strike-slip. Nevertheless, it is
clear that major changes of the stress field occurred during the development of the Stage 1 vein
mesh.
(facing page) Figure 1.16.: Diagrammatic illustration of fluid flow regimes and fluid path-
ways prior to, and during, vein mesh development at the Al Raheba pavement. (A). The emer-
gence of the carbonate platform may reflect the onset of thrusting from the North. During
this stage, meteoric waters altered the original limestone composition, causing 18O depletion.
(B). Deposition of the Muti Formation in a foreland basin that formed in front of the obduc-
ted Hawasina and Samail thrust sheets (nappes). (C). After the nappe emplacement a mesh of
crack-seal extension veins developed (Stage 1 veins; indicated by white lines). As the mesh is
localised within the three uppermost layers of the Natih A member (VHB, in green) fluid flow
is interpreted to have been largely parallel to bedding within the VHB (yellow arrows). Fluid
flow is inferred to have been directed towards a local leakage point in the vicinity of Al Raheba
at overpressured conditions (red polygon), with fluid pressure episodically exceeding σ3, the min-
imum principal stress (see stress-depth plot). Strong anisotropy of vein orientations may have
constrained most flow along a NNW-SSE direction. Isotopic exchange between migrating fluids
and both the overlying Muti Formation (seal) and underlying limestone layers might have oc-
curred during Stage 1. Note the heterogeneous distribution of calcareous siltstones (yellow) and
limestone breccias (blue) in the Muti Formation (inset sketch is not to scale). Principal stresses
(σ1, σ3), the vertical load (σv) and fluid pressures (Pf ) are plotted against depth and illustrate
the stress-state at Al Raheba during Stage 1. The regime of fluid overpressures is illustrated by
a red polygon. (D). During Stage 2, the late E-W striking fault penetrated beneath the VHB,
and potentially connected hydraulically with the Natih B Member. Stage 2 vein compositions
indicate oxygen isotope buffering by limestones more 18O-enriched than the VHB, possibly in a
zone 5-10 m below the VHB, or by Natih B limestones at least 40-50 m below the VHB (see
also Figure 1.11). Fluid exchange with the overlying Muti Formation might also have occurred
during Stage 2. Note the inferred fault plane drawn as transparent, red polygon. During Stage 2
high fluid pressures at Al Raheba are released through the fault cutting into the overlying seal
(Muti Formation). Principal stresses (σ1, σ3), the vertical load (σv) and fluid pressures (pf ) are
plotted against depth and illustrate the stress state at Al Raheba during Stage 2. The differential
stress (σ1 - σ3) is larger than during Stage 1. For repeated failure pf in the VHB was still
overpressured, but could fall back towards hydrostatic fluid pressures (indicated by red arrows)
after each rupture event.
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Assuming a bulk density of 2800 kg ⋅ m−3 (cf. Al-Lazki et al., 2002) and an overburden of 7 km
(Searle, 2007), the vertical stress (σv) is estimated to have been approximately 190 MPa during
vein development. For conditions of extensional failure the differential stress (σ1-σ3) needs to
be less than 4T (where T is the tensile strength; Secor, 1965). Assuming a tensile strength
of < 10 MPa, the minimum value of the least principal stress (σ3) is estimated as at least
150 MPa.
Under compressional stress states at depth in the crust, extension failure requires that pore
fluid pressure, Pf, = σ3 + T, i.e., a minimum of approximately 160 MPa. The pore fluid
factor λv (Pf/σv) required to initiate failure is thus at least 0.84 and probably higher. Our
interpretation is consistent with that of Hilgers et al. (2006), who also argued for near-lithostatic
fluid pressures during vein formation episodes elsewhere in the Jebel Akhdar Anticline. Such
hydraulic extension fracturing could have been driven by fluid injection and/or by decrease of
σ3 (cf. Cox, 2010).
The widespread presence of antitaxial crack-seal microstructures in Stage 1 veins indicates that
repeated fracturing of existing veins was more favored than nucleation of new fractures in intact
limestone (Holland and Urai, 2010). Accordingly, the tensile strength of the bulk rock mass is
interpreted to have decreased with evolution of the vein mesh. Repeated shear failure during
the growth of the Stage 2 fault requires higher (σ1-σ3) than during Stage 1 (e.g., Cox, 2010).
High pore fluid factors are still required as indicated by the dilatancy of the fault, but less than
for Stage 1.
1.6.7. Fluid overpressures and lateral fluid flow
Following Swarbrick et al. (2001) fluid overpressures can be a consequence of undercompaction
or inflation. In agreement with Hilgers et al. (2006) we interpret the high pore pressures at
Al Raheba as a consequence of rapid burial during nappe emplacement. While it is not clear how
much porosity loss in the VHB occurred by diagenetic cementation before nappe emplacement,
the overlying fine-grained sedimentary rocks of the Muti Formation are interpreted to have
provided an effective seal and inhibited upward-directed fluid flow at Al Raheba, as was the case
for the petroleum systems in the foreland (Terken, 1999).
Under these conditions hydraulic fracturing can create bedding parallel and bedding-discordant
fluid pathways. The Stage 1 network provides evidence for stratabound fluid transport within
the VHB immediately underneath the contact with the inferred seal of the high-pressure cell
(Muti Formation), because of the strong connectivity of the fractures in the crack-seal vein mesh.
This lateral fluid transport could have been associated with the hydraulic gradient towards a leak
point in the seal (Figure 1.16C) in a structurally higher position, as described for the ’protected
trap’ systems in sedimentary basins (cf. Lupa et al., 2002, their figure 8). Alternatively, the
hydraulic gradients could have been associated with the gradient in overburden stress along the
nappes (Oliver, 1986).
The high-fluid pressures in the VHB were released episodically during Stage 2 through repeated
cycles of shear failure (permeability enhancement) and intervening hydrothermal sealing on
steeply dipping shear fractures, which are interpreted to have breached the seal (Figure 1.16D).
Significantly, in an overpressured regime the hydraulic gradients drive upwards fluid flow. In
the absence of dynamic fluid pressure drops associated with dilation during fault slip events, it
is unlikely that fluids in the Muti Formation have been drawn down into the underlying VHB
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and influenced C/O isotopic composition of veins in the VHB.
1.6.8. Relation to vein meshes in thrust belts
There is a wide variety of vein networks and fluid flow regimes in thrust belts (Dietrich et al.,
1983; Lefticariu et al., 2005; Sibson, 1996). The Al Raheba vein mesh is not directly comparable
with the more ’common’ systems, because the deformation effects of the overriding Hawasina
and Samail nappes are only indirectly seen in our study area. Tectonic deformation in the Natih
formation is very weak, and later overprinting of the Stage 1 vein mesh is limited to dilatant
Stage 2 fault veins (these are much more important where the offset of the normal faults is larger
and where massive vein networks develop in the dilatant jogs; cf. Holland et al., 2009b). Later,
broad-scale folding of the Jebel Akhdar Anticline is only represented by a tilt of the exposed
strata (Breton et al., 2004; Searle, 2007; Virgo et al., 2013b). Therefore, the Al Raheba vein mesh
is best observed as representing the early vein generations which can be much more strongly
overprinted in other settings (cf. Dietrich et al., 1983). Another important aspect to consider is
the that the overriding Hawasina - and Samail nappes could well have led to an unusually rapid
buildup of overpressures in the Wasia group, although many other thrust belts show close to
lithostatic pressures in early vein generations (Sibson, 1996; Noten et al., 2012).
1.7. Conclusions
From our observations we propose three different fluid influx events that are recorded in the
host rock and calcite veins in the Al Raheba pavement.
1. Shortly after the deposition of the Natih A limestone, the carbonate sequence was uplifted
and prone to subaerial exposure. This led to the influx of meteoric water and associated
syn-diagenetic alteration of the original marine limestone stable isotope signature in the
topmost part of the Natih A Member. This alteration is recorded by low δ18O values in the
vein-hosting beds. This explanation is supported by regional-scale sequence stratigraphy
studies, conducted in the subsurface and in outcrop (Gre´laud et al., 2010, 2006; Wagner,
1990; Wohlwend and Weissert, 2012). The O-isotope composition of the topmost part of
the Natih A member at Al Raheba is slightly more 18O-depleted than stratigraphically
equivalent limestones elsewhere in the region. Accordingly, the top of the Natih A Member
at Al Raheba has undergone especially intense diagenetic alteration prior to vein formation.
2. The second event involved formation of Stage 1 extensional, crack-seal calcite veins in
a predominantly fracture-controlled flow regime. Stage 1 veins mostly have a depleted
13C composition relative to the VHB, but a nearly rock-buffered 18O composition. They
formed during largely stratabound fluid flow, under near-lithostatic fluid pressure condi-
tions. Fluid mixing with low δ13C CO2, derived from thermal decomposition of organic
matter (enriched at pressure solution seams) in the VHB, is interpreted to be responsible
for producing low δ13C vein calcites. The formation of a subset of Stage 1 extension veins
(Stage 1B) involved fluids that were 18O buffered by limestones having a composition that
was slightly 18O enriched relative to the VHB. This probably indicates minor and epis-
odic addition to the Stage 1 flow system, of fluids that had equilibrated with limestones
immediately beneath the VHB.
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3. During Stage 2, the growth of an E-W normal fault created a new fluid pathway which
allowed ingress to the VHB of fluids that had equilibrated with limestones that are several
per mil more 18O-enriched than the VHB limestones. Member B of Natih Formation, some
50 m beneath the VHB is a potential source of such fluids, although a narrow interval of
18O-enriched limestones only 5 – 10 m below the VHB may have contributed to buffering
the O-isotope composition of Stage 2 fluids.
Microstructural evidence for repeated operation of crack-seal processes, along with C/O isotopic
variations within veins, indicate that Stage 1 and Stage 2 vein formation involved cyclic creation
and destruction of fracture permeability, and accordingly, that vein formation occurred in an
episodic flow regime. We show that carbon and oxygen stable isotope compositions are a valuable
tool to track changes in fluid flow regimes in fracture and vein meshes. The Al Raheba vein mesh
evolved at large burial depth under near-lithostatic fluid pressures below allochthonous thrust
sheets near a convergent plate boundary. It has evolved and grown over time and thus is not
representative of a mesh of simultaneously open fractures. Compared to other, more ’common’
vein systems in thrust belts, tectonic overprint of the vein mesh is weakly developed.
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2. Microstructural characterization of sealed
fractures in exhumed, overpressured
carbonate reservoirs (Oman Mountains)
The work presented in the following chapter and the work by Virgo (PhD thesis 2015) represent
an integrated, comprehensive structural and microstructural study with respect to data and meth-
odology while working at different scales. Both studies share the same study area and the database
for them was set by extensive, collaborative field work and data acquisition during several field
seasons (2008 – 2013). Both studies have significantly matured by mutual exchange of know-
ledge and scientific progress. Janos Urai contributed several samples as well as measurements
and photographs that were collected during his own field work.
2.1. Abstract
Detailed analysis or crosscutting relationships of vein sets and faults at outcrop scale led to
the definition of eight tectonic phases (0–VII) in sub-nappe Cretaceous limestones of the Oman
Mountains. In more than 70 thin sections we characterised microstructures of vein and fault ce-
ments by transmitted light microscopy, cathodoluminescence and scanning electron microscopy.
Hand specimens were stained with Alizarin red-S and Potassium Ferricyanide to decorate dif-
ferent types of calcite and dolomite.
We identified six main microstructural textures (i.e., columnar, blocky, stretched crystals, elong-
ate blocky, blocky-neighbor, laminated,). To our knowledge the columnar texture has not yet
been reported for calcite veins in carbonates and thus it is described in detail. Additionally we
present the first–comprehensive description of the blocky-neighbor texture in calcite microveins.
Other features as occurrence of e.g., mechanical twins, vein-bound quartz, saddle dolomite, flu-
orite and FeO-porphyroblasts were systematically mapped in thin section.
Columnar textured veins are governed by three microstructural domains. (1) the central part
is dominated by syntaxial intergrowth of calcite columns into open space, while the veins are
stretched towards the tip (2). At the tip (3) the veins split into a multitude of sub-parallel
microveins. The overall vein texture has developed by crack-seal growth of partially sealed veins
that were only sealed at the tip. The columnar crystal shape indicates vein formation at very
shallow burial depth. Blocky-neighbor microveins are filled by calcite crystals that connect both
vein-host rock interfaces along a distance up to ten times larger as the vein aperture. The tab-
ular crystal habitus is predefined by the fracture geometry. Along a 2D section each crystal has
two neighbor crystals.
The occurrence of saddle dolomite and fluorite in Phase IV-b faults indicate flow of hydrothermal
fluids at deep stratigraphic positions. We constrained the final uplift and exhumation of the
autochthon to tectonic Phase V as indicated by lack of using mechanical twins in vein and fault
calcites of Phases V, VI and VII.
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2.2. Introduction
2.2.1. Business relevancy
Faults and fractures are the most effective pathways for fluid redistribution in low permeable
rocks. The sealing of those structures reduces their permeability and thus it is inevitable to
understand the process of how the permeability of faults and fractures is affected by sealing
during the evolution of reservoir rocks. Microstructural analysis is the key to understand the
opening history of fractures, the kinematics of crystal growth (sealing) and the geochemistry
of vein forming fluids. Microstructural analysis often can reveal evidence for overprinting re-
lationships of veins (sealed fractures) that are not possible to obtain in outcrop or from direct
core investigation. Repeated cycles of fracturing and sealing (crack-seal) is usually identified by
microstructural analysis. The application of cathodoluminescence can reveal different chemistry
of vein forming fluids and thus changes fluid pathways and/or origin of fluids.
2.2.2. Processes controlling vein microstructure development
Veins can be studied from km- to µm-scale (Elburg et al., 2002; Hippertt and Massucatto, 1998;
Ramsay, 1980). They are produced by advection of fluid and/or local diffusional transport in
fluid-filled fractures that become sealed by precipitation of dissolved material (Cox et al., 2001;
Hilgers and Sindern, 2005; Oliver and Bons, 2001).
The transport processes during vein formation are still debated (Bons et al., 2012). In low per-
meability rocks pervasive advective fluid flow (i.e., at the grain-scale) is slow, and open fractures
may be the major fluid pathways (Laubach and Ward, 2006; Laubach et al., 2004a). Material
transport may also occur by diffusion along grain boundaries (Fisher, 1951) especially in par-
tially sealed veins that are not connected to advective fluid flow paths. It is widely accepted
that more than one material transport process can be taken into account for the development
of a vein (Bons et al., 2012; Elburg et al., 2002). However, a description of vein formation using
models (at hydrocarbon reservoir scale) of reactive flow in porous systems, where matrix and
fracture flow are both operating (Paluszny and Matthai, 2010), is lacking at present.
Veins can form by multiple crack-seal events (Ramsay, 1980) or by a single stage of opening and
progressive sealing of a larger fracture. An alternative vein growth process involves the force of
crystallization (Bons and Montenari, 2005; Hilgers and Urai, 2005; Wiltschko and Morse, 2001).
During vein growth, the fracture walls are either overgrown by epitaxial overgrowth that does
not involve nucleation, or by growth of newly nucleated crystals (Bons et al., 2012; Cox and
Etheridge, 1983; Urai et al., 2001). The latter process occurs where vein minerals are different
from those present in the wall rock (i.e. calcite crystals in siliceous slate; Urai et al. (1991);
Hilgers and Sindern (2005); Hilgers and Urai (2005)). Epitaxial overgrowth is typical for systems
where the vein mineral is the same phase as the wall-rock phase (e.g. quartz veins in quartz-rich
sandstone (Rickard and Rixon, 1983; Urai et al., 2001; Van Noten and Sintubin, 2010) or calcite
veins in limestone (Dietrich et al., 1983; Holland and Urai, 2010; Ramsay, 1980)). Polymineralic
veins can grow by a combination of these processes and show complex intergrowth of different
vein minerals (Becker et al., 2011; Ramsay, 1980).
The ratio of fracture opening rate and crystal growth rate determines whether crack-seal pro-
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Figure 2.1.: a) Schematic sketch linking vein type (antitaxial, syntaxial or stretching
vein) and internal crystal morphology to localisation of the growth interface and in-
stances of repeated crack seal events. Main vein crystal types: (b) blocky, (c) elongate
blocky, (d) stretched crystals and (e) fibrous; from Bons et al. (2012).
cesses operate, and lead to the development of elongate-blocky or fibrous vein microfabric. If
crystals can grow freely into an oversaturated fluid, growth competition leads to formation of
elongate-blocky to massive textures; while repeated crack-seal leads to formation of a range
of textures, including fibrous to elongate-blocky, and even massive vein textures (Bons, 2001,
2000; Cox, 1987; Durney and Ramsay, 1973; Hilgers et al., 2001; Nollet et al., 2005b; Urai et al.,
1991). During crack-seal growth, crystals can incorporate solid and/or fluid inclusions, which are
commonly interpreted to mark opening events (Cox and Etheridge, 1983; Koehn and Passchier,
2000; Ramsay, 1980; Renard et al., 2005).
Crack-seal veins that grow outwards from their median line are called antitaxial, whereas veins,
which grow towards the vein interior, are called syntaxial (Bons, 2000; Durney and Ramsay,
1973). Both vein types require repeated and localized opening in the vein interior for syntaxial
veins and at the vein-host rock boundary for antitaxial veins. Veins with non-localized re-
opening are termed ’stretched veins’ or ataxial veins (Bons et al., 2012; Bons, 2000; Durney and
Ramsay, 1973).
There are two end members of crack-seal failure: (1) the new crack always localizes at the healed
interface, and (2) the new crack forms away from the healed interface. This may happen within
the existing vein, in the adjacent host rock or at the vein-host rock boundary (Bons et al.,
2012; Passchier and Trouw, 2005). A recent study by Holland and Urai (2010) argued that the
location of crack-seal events is controlled by the relative strengths of vein fill, wall rock and
the vein-rock interface. Crack-seal veins may also involve a mixture of processes between these
two end member scenarios (Bons et al., 2012; Caputo and Hancock, 1998; Holland and Urai,
2010).
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Figure 2.2.: Simplified geological map of Northern Oman. This study is focused on
the Natih Formation within Autochthon B. The Autochthon has been overridden by two
major Nappes, the Hawasina and Samail Nappes during the Upper Cretaceous. The
study area is situated on the southern limb of the Jebel Akhdar Anticline. See Figures
2.3 and Figure 2.4 for details. Modified from Breton et al. (2004); Searle (2007).
2.2.3. Geologic evolution
The Oman Mountains are located on the northeastern edge of the Arabian peninsula. The
Mountain chain extends from the Musandam peninsula (Omani exclave) in the northwest to
the Batain Coast situated at the western tip of Oman (see Figure 2.2). The Oman Mountains
are part of the Alpine-Himalayan mountain belt and they were formed due to a NE directed
subduction of the Arabian plate underneath the Eurasian plate (Breton et al., 2004; Searle,
2007).
The Oman Mountains have seen a complex geological history starting with the deposition of a
carbonate succession at the southern passive continental margin (Permian) of the Neothetyan
ocean (Glennie, 1995; Breton et al., 2004; Searle, 2007). As the Neothetys started to close in
Late Cretaceous oceanic lithosphere was obducted southwards on to the passive continental
margin creating a peripheral bulge in the continental crust and the carbonate ramp was uplifted
and partially exposed above sea-level. Parts of the late Natih formation were eroded during
this time. The downwarp led also to the formation of a foreland basin between the uplifted
carbonates and the obduction front, where Flysch and Molasse type sediments (Muti formation)
were deposited. Both the foreland basin and the peripheral bulge moved to SW with ongoing
obduction until the obduction ceased in early Maastrichtian (Robertson, 1987b,a, 1988). The
footwall carbonates were buried up to a depth of 11 km in the north and 7 km in the southern
part of the Oman Mountains (Breton et al., 2004; Searle, 2007).
2.2.4. Brittle tectonic phases
Several phases of brittle tectonics affected the region after the onset of nappe emplacement
(Breton et al., 2004; Gomez-Rivas et al., 2014; Hilgers et al., 2006; Holland et al., 2009b; Searle,
2007). The most recent outcrop study by Gomez-Rivas et al. (2014) defined seven phases (events)
and illustrated the complex evolution of paleostress orientation in advance of the folding of the
Jebel Akhdar Anticline. The first event #1 is reported as a set of unsystematic early veins
and diagenetic (bedding-parallel) stylolites. The veins are described to have various orientations
but mostly at high angle to bedding. The roughness of the diagenetic stylolites was used to
infer paleodepth during their formation. Accordingly the uppermost autochthonous formation
(Natih) of the carbonate sequence must have been buried to a depth of 1 km during event #1.
The authors correlate early veins with the continental lithosphere being pulled down by the
subduction of autochthon during Turonian - Santonian. This was followed by event #2 - a top
to the south layer parallel shearing event. It was interpreted to be caused by the emplacement
of the nappes during Mid Turonian - Late Santonian. Evidence is present as bedding parallel
parallel veins found at various stratigraphic positions that showed top to the south sense of shear.
The third event #3 is characterized by normal to oblique-slip faults and veins that recorded a
large-scale extension developed after the nappe emplacement came to halt in Campanian. Dip-
slip faults of event #3 were found offset by event #4 bedding parallel veins with top to the
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Figure 2.3.: Simplified geological map of the study area after Beurrier et al. (1986).
For stratigraphy see Figure 2.5.
northeast shear sense. During event #4 a regional pressure solution cleavage formed according
to Al-Wardi and Butler (2007); Breton et al. (2004). Pinch and swell veins that are subparallel
to the cleavage, which have been described by Hilgers et al. (2006); Holland et al. (2009b), are
interpreted to have formed during event #4 by Gomez-Rivas et al. (2014). Event #5 is reported
being the first of three distinct strike-slip phases. It is represented by strike-slip faults and veins
indicating a NW-SE-oriented compression that might have reactivated preexisting faults and
veins belonging to event #3. Vein segments of conjugated en-echelon vein arrays of the second
strike-slip phase crosscuts the event #5 veins and faults. These structures are aligned to an E-W
striking compressional stress-regime (event #6a). Structures of both events were found being
crosscut by the third strike-slip phase in form of conjugated en-echelon vein arrays aligned to a
NE-SW compressional regime (event #6b). Gomez-Rivas et al. (2014) decided to combine the
last two strike-slip phases into their event #6. Structures related to event #6 have been found
overprinted by N-S to NE-SW-oriented strike-slip veins that consist of en-echelon veins. During
event #7 tectonic stylolites formed dissolving structures of the events before. Gomez-Rivas et al.
(2014) defined uplift and folding of the Jebel Akhdar Anticline as event #8 that took place after
the previous events (#1 – #7), because these are consistently rotated with the bedding. Late
open joints, that are found parallel to veins of events #1 – #7 are interpreted as the last event
#9 and to have formed during the final uplift being related to decompression during exhumation
or as a consequence of the present day NE-SW stress field in North Oman.
2.2.5. Previous studies of calcite vein microstructures in the Oman Mountains
Vein calcites and overprinting relationships have been documented by Burruss et al. (1983)
from the Al Ali No. 2 well (Abu Dhabi). The location of the well is west to the main thrust
boundary of the Oman Mountains. This was followed by a study of vein calcite in wells from
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Figure 2.4.: Simplified geological cross section of the study area after Searle (2007).
The location of the cross section is indicated in Figure 2.2.
the foreland basin in Abu Dhabi and Oman (Burruss et al., 1985). The timing of hydrocarbon
migration was related to crosscutting relationships between different vein and stylolite genera-
tions. Hydrocarbon fluid inclusions were observed in vein calcites. The authors defined 5 stages
of diagenesis, fracturing and fluid migration. (1) Early cementation of porosity predating the
collapse of the passive continental margin. (2) pre-orogenic shelf emergence and fracturing. The
fractures are filled with cloudy calcite containing mechanical twins. The fractures crosscut the
(Stage 1) cements. They show yellow-white fluorescent hydrocarbon fluid inclusions. (3) Ini-
tial fore-deep downwarp; fractures cross cutting Stage 2 veins and are filled with cloudy calcite
containing dull/blue fluorescent hydrocarbon fluid inclusions. (4) Rapid subsidence and filling
of fore-deep with sediments including flysch, exotic blocks and thrust toes. Burial and tectonic
stylolites crosscut Stage 2 and 3 veins. (5) Uplift of the Oman Mountains, fractures crosscut-
ting all diagenetic features are filled with clear, untwinned calcite that contains non-fluorescent,
aqueous fluid inclusions. Bedding parallel stylolites were correlated to 750 m of burial depth.
Stage 2 hydrocarbon inclusions are interpreted to predate all Stage 4 stylolites and most Stage 3
fractures. In the wells most proximal to the Oman Mountains thrust front the time window for
hydrocarbon migration was tied to Turonian-early-Campanian time. In other wells further west,
where burial depth is less, timing is less well constrained and hydrocarbon migration might have
occurred until early Tertiary.
Holland and Urai (2010) described complex vein meshes termed ’Zebra veins’ at micro-scale.
Those meshes occurred mostly at sites of vein bundles and in form of tip splays at vein termin-
ations. The study introduced a conceptual model for crack-seal growth of veins. The model is
based on the idea that in a rock mass containing a single vein new fractures (and veins respect-
ively) can form at different places. This is dependent on differential material strengths involving
the host rock matrix, the vein cement as well as the interface between vein cement and host
rock.
A more recent study by Morad et al. (2010) documents origin of vein forming fluids and dia-
genetic conditions in vein calcites of Cretaceous carbonate reservoirs in Abu Dhabi oil fields.
The microfrabic of vein calcites were described as well as their geochemistry (major, trace and
rare-earth elements and C, O- and Sr-isotopes). Fluid inclusions were used to infer the p-T
conditions during vein formation and to establish a model for origin of vein forming fluids. The
study reported complex crosscutting relationships between different vein generations and a vari-
ety of vein microstructures (calcite shapes) were described as equant blocky, bladed and fibrous.
The wide ranges of δ18O and δ13C stable isotope compositions of vein calcites are interpreted
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Figure 2.5.: Simplified stratigraphy of the study area. Modified from Breton et al.
(2004); Searle (2007).
to indicate that vein formation occurred under different geological conditions. Fluid inclusion
microthermometry of single, whole liquid phase suggest formation of veins at temperatures of
less than 50°C. Some two-phase fluid inclusions in equant blocky and bladed calcite indicated
a temperature between 68°C and 100°C. The authors interpreted vein calcite δ13C generally
being buffered by their host rocks. This is supported by marine Sr isotopic ratios. Excursions
in carbon isotopic compositions were interpreted being caused by degradation of organic mat-
ter by methanogenic and sulfate-reducing bacteria. The authors inferred extensive fluid-rock
interaction with upper continental crustal rocks from the analysis of rare-earth element pat-
terns. Fluid overpressures during vein formation are deduced from bladed calcite crystals with a
shape-preferred-orientation that is perpendicular to the vein-host rock interface. As the studied
calcites lacked any hydrocarbon inclusions, it was concluded that vein formation occurred prior
to hydrocarbon migration.
Meeßen (2011) tried to evaluate minimum opening width of crack-seal stages in crack-seal veins
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based on the microscopic investigation of microveins. Several microveins hosted in fine-grained
limestones from the southern limb of the Jebel Akhdar Anticline from various stratigraphic
were studied using optical and scanning electron microscopy. A multitude of microveins was
found in any sample even at places far away from any visible vein development. According
to the study, it was difficult to identify veins with an aperture smaller than 3.5 µm. It was
suggested that microveins represent intergranular fractures that were filled by calcite that has
grown epitaxially from the fracture wall. Larger detrital carbonate particles were observed being
cut by transgranular microveins. Four types of blocky vein microstructure were defined:
1. The microvein (aperture < 10 µm) is filled by crystals that are connecting both vein-host
rock interfaces. The crystal’s lateral extend along strike is usually larger than the vein’s
total aperture.
2. Microvein with (aperture < 10 µm) classic block growth competition texture with more
and equally sized, yet smaller crystals compared to (1.). The coarsening of grains towards
the center indicates a syntaxial vein growth.
3. Both vein rims show a growth competition layer and the center of the microvein (aperture
< 10 µm) is filled by few, larger size and blocky crystals, which are often not connected
to the vein-host rock interface. This type represents a combination of type (1.) and type
(2.).
4. The blocky vein texture is found hosting several bands of aligned host rock inclusions that
are arranged subparallel to the vein-host rock boundary. The total vein aperture of this
type is usually about 10 times larger than in type (1., 2. and 3.).
The host rock inclusion bands described in type (4.) are indicative for repeated crack-seal growth
in these veins (Ramsay, 1980). Furthermore host rock inclusion bands will form only in the case
of antitaxial vein growth, where the new fracture always form at the vein-host rock interface
(Holland and Urai (2010); see also subsection 2.2.2). Taken in to consideration type (1.) and
(2.) represent a single fracture opening and sealing stage (crack-seal cycle), type (4.) might
represent a forward – crack-seal – evolution of these types.
Fink (2013); Fink et al. (2015) studied solid bitumen in calcite veins hosted in limestones of the
Natih A and B members on the southern limb of the Jebel Akhdar Anticline. It was the first time
that migration of hydrocarbons were reported from the Oman Mountains. The mostly black
impregnated crack-seal calcite veins were found as straight, solitary veins as well as in en-echelon
arrays. The veins were found at high angle to bedding and showed a constant WNW-ESE strike
direction. The black impregnated veins were found being the oldest vein generation in the study
area. Four types of solid bitumen (in veins and Natih B limestones) were distinguished:
1. Low reflective granular solid bitumen.
2. Low reflective homogeneous solid bitumen.
3. High reflective mosaic solid bitumen.
4. High reflective homogeneous solid bitumen.
The bitumens was interpreted to originate from crude oil which was expelled from the Natih
B member source rock, some 40 m below in the stratigraphy (cf. Terken (1999); Terken et al.
(2001); Balushi et al. (2011)). On the southern flank of the Jebel Akhdar Anticline the exhumed
rocks of the Natih B member are highly over-mature source rocks at present day. The background
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temperatures during burial - prior to ewxhumation - in the Natih B member were calculated to
vary between 200°C and 240°C from solid bitumen reflectance. Five stages in the evolution of
bitumen impregnated veins in the Natih formation are proposed:
Stage 1 Early crack-seal calcite vein growth prior to hydrocarbon migration in Natih A and B
member during early subsidence.
Stage 2 Formation of bedding parallel stylolites that crosscut Stage 1 veins during subsidence.
Stage 3 Hydrocarbon migration and emplacement in microcracks overprinting Stage 1 vein
calcite.
Stage 4 Syntaxial vein growth (reactivation) of Stage 1 veins and emplacement of type 3 mo-
saic solid bitumen. The bitumen is located along calcite grain boundaries. Solid bitumen
reflectance (BRr) of mosaic type yielded paleotemperatures of 320°C that indicate a hy-
drothermal event during Stage 4.
Stage 5 Emplacement and subsequent local enrichment of low reflective solid bitumen at tec-
tonic stylolites that are parallel to vein orientation. Stage 5 is proposed as a late and
second phase of hydrocarbon migration.
2.2.6. Aims
The purpose of this study is to present the first comprehensive microstructural characterization
of sealed fractures and faults from the southern limb of the Jebel Akhdar Anticline in the Oman
Mountains. It focusses on microstructures hosted by Cretaceous carbonates ranging from the
Salil (Berrisnian-Valangian) formation to the Natih formation (Albian-Turonian) in the footwall
of the Hawasina and Semail Ophiolite Thrust sheets. The study area has been widely used
as a natural laboratory and outcrop analogue for oil and gas reservoirs in the subsurface of
Oman. These oil and gas reservoirs are hosted by the same stratigraphic units and are situated
in the foreland basin of the Oman Mountains. We want to give a comprehensive overview on
different types of fault and fractures and their sealing history with respect to changes in fluid
flow pathways. We furthermore try to constrain the temporary succession of tectonic phases and
to make inferences on the burial conditions during vein formation and sealing of faults.
2.3. Methods
2.3.1. Field methods
We have investigated veins and fault cements in 19 outcrops (see Table 2.1) throughout the study
area. Oriented samples comprise hand specimens taken by hammer and chisel and oriented drill
cores (∅ 3.5 mm). At outcrop we have measured the orientation of bedding and of all relevant
structures using a geological compass. If clear crosscutting relationships between different vein
sets could be established, they have been noted. Furthermore the stratigraphic position (based
on the geological map after Beurrier et al. (1986)) was logged along with UTM coordinates. The
selection of outcrop and samples respectively is based on several field campaigns in the framework
of the FRACS research consortium. We partly chose samples from outcrops described in previous
50
Vein and fault microstructures - Oman Mountains
publications (Gomez-Rivas et al. (2014); Hilgers et al. (2006); Holland et al. (2009b); Holland
and Urai (2010); Virgo et al. (2013b); Virgo and Arndt (2010))
2.3.2. Carbonate staining with Alizarin Red-S and Potassium Ferricyanide
The rock samples have been stained using a combined Alizarin Red-S (ARS) and Potassium
Ferricyanide (KFC) hydrochloric acid solution (HCl). For a period of 45 seconds the samples
were submerged into the solution (2 g ARS per 100 ml 1-5% HCl; 2 g KFC per 100ml 1-5%
HCl; mixed ARS:KFC = 3:2). This method allows for the identification of different carbonate
minerals (i.e. calcite vs. dolomite) and the iron content of the mineral phases. While pure and
iron free dolomite will not show any staining color, iron-rich (ferroan) dolomite will be stained
pale-deep turquoise (see Figure 2.6). Pure, iron free calcite is stained pale pink-red and ferroan
calcite is stained mauve-purple.
2.3.3. Optical microscopy
We have prepared more than 80 thin sections, which were polished to a thickness of less
than 10 µm for superior imaging quality of calcite microstructures. Some thin sections were
coated with carbon for cathodoluminescence and SEM analysis (see subsection 2.3.4 and sub-
section 2.3.5). To study thin sections in transmitted light we used a Zeiss Axioscope polarising
microscope featuring a maximum optical resolution of 500 times. Digital images were acquired
using a Zeiss MRc 3 camera and the software Zeiss AxioVision LE. For thin section overview
images we used two methods. (1) The thin section is sandwiched between two sheets of polar-
ising foils, whose lattice orientation is orthogonally oriented. The sandwich is scanned with an
Epson Perfection 2450 Photo scanner in transmitted light mode at an optical resolution of 2400
dpi. (2) Digital images that have been taken with the Zeiss Axioscope are stitched to panorama
using Adobe Photoshop or Color Autopano Giga.
2.3.4. Scanning electron microscopy & energy dispersive x-ray spectroscopy (SEM
& EDX)
For the analysis of mineral phases and microstructures below the resolution of the optical micro-
scope we used a Zeiss Supra 55 scanning electron microscope (SEM) equipped with a back scatter
detector (BSE) for phase contrast imaging and an energy dispersive x-ray spectroscopy detector
(EDX; Oxford AZtecEnergy Advanced EDX-System; X-Max80 SDD-Detektor) for quantitative
phase analysis. The samples were scanned at a working distance of 9 to 10 mm and an accel-
eration voltage of 20 kV. The analysis was performed on carbon-coated, polished thin sections.
We have employed mostly EDX mapping to analyse different mineral phases but also used EDX
profiles (i.e. across grain boundaries).
2.3.5. Cathodoluminescence
We used Cathodoluminescence (CL) to highlight differences in chemical composition in the
microfabric. For instance growth or reaction zonations within single crystals and across grain
boundaries can be made visible. Furthermore lattice defects and the presence and distribution
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Figure 2.6.: Occurrence of saddle dolomite and fluorite in oblique-slip faults hosted in the Salil
Formation. A. ARS-KFC stained sample showing the ferroan saddle dolomite in turquoise color.
Ferroan calcite appears pale-rose (flat-bed scan of polished sample) B. SEM-BSE image showing
calcite, fluorite and saddle dolomite. C. SEM-EDX maps of the same area as in B.
52
Vein and fault microstructures - Oman Mountains
vein
vein
streched
fossil
vein
pe
loi
d
500 µm
500 µm
500 µm 500 µm
500 µm
500 µm
A1
A2
A3
B1
B2
B3
Figure 2.7.: Comparison of different microscopic techniques. Left (A1–A3) and
right column (B1–B3) each show the same excerpt (sample OM12-027). Upper row
in plane polarized light (PPL), middle row shows CL images and bottom row shows
images in cross-polarized light (XPL). In the left column the CL image reveals two
non-luminescent carbonate particles (yellow dashed outline) that are cross/cut by an
anostomosing vein bundle. Outlines drawn in A2 have been draped on their accord-
ing position in A1 and A3 highlighting that both carbonate particles appear as single
crystals or crystal aggregates larger as seen in A2. In the right column the CL im-
age shows crosscutting relationships between carbonate particles (peloids), diagenetic
cement (yellow arrows) and different vein stages.
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of trace elements can be detected (Boggs and Krinsley, 2010; Machel, 2000; Cazenave et al.,
2003). For CL we employed a HC1-LM hot Cathdodoluminescence apparatus in combination
with an Olympus polarisation microscope and a Leica digital camera for image capturing at
the Geological Institute of the RWTH Aachen. The luminescence of calcite is controlled by
the relative content of Manganese (Mn), Rare-earth elements (REE) and Iron (Fe) (Boggs and
Krinsley, 2010). The most common luminescence colors of calcite are orange-yellow, yellow-
orange and orange. Green colors and blue colors have been related to crystal lattice defects
(Boggs and Krinsley, 2010; Cazenave et al., 2003). CL imaging can reveal deformation structures
at micro scale as sealed transgranular fractures (see Figure 2.7). A broken and healed grain
will show a homogeneous extinction in cross-polarized light and a continuous crystallographic
orientation respectively. If the laterally grown fracture cement part of the single crystal has a
different chemical composition (i.e. higher or lower Mn content), this difference will be revealed
by cathodoluminescence imaging. Furthermore CL has the potential to show reactivations of
veins as well as crosscutting relationships between different vein sets (see Figure 2.7).
2.4. Results
2.4.1. Tectonic Phases of Vein formation
From our field observations we were able to define eight phases of vein emplacement (0–VII). The
detailed documentation of crosscutting relationship and the characterization of brittle deform-
ation structures are beyond the scope of this thesis. The interested reader is referred to Simon
Virgo’s PhD thesis that is connected to this work (Virgo, 2015). Here we present the results
of our extensive, collaborative work. The tectonic phases have been defined by the orientation
analysis of mostly brittle deformation structures and their crosscutting relationships. We cannot
provide a relation of tectonic phases to their respective geodynamic context (cf. Al-Wardi and
Butler, 2007; Breton et al., 2004; Hilgers et al., 2006; Searle, 2007) as this is beyond the scope
of both’s PhD theses.
Phase 0 – Structures of uncertain age relationship
We observed mainly two types of structures that did not provide enough information in outcrop
to assign them to regional phases. This is mostly due to lack of intersections and/or clear
crosscutting relationships with other structures excluding Phase IV-b. This incorporates Top-
to-NNE bedding parallel veins as well as Top-to-S thrust faults. At outcrop both structures are
found being crosscut by Phase IV-b, E-W trending dip-slip (normal) or oblique-slip faults. The
temporal relationship to Phases I to Phase III, V, VI and VII remain unclear.
Phase I – Early Structures
Phase I involves three types of calcite veins:
I-a Calcite veins at low angle to bedding mostly in A member of the Natih Formation. These
veins are mostly bedding parallel veins or veins at low angle to bedding. Veins of Phase I-a
are found to be mostly opening mode I veins and are found boudinaged (see Phase III-e).
54
Vein and fault microstructures - Oman Mountains
I-b NW-SE striking Bitumen impregnated calcite veins (at high angle to bedding) observed in
A and B member of the Natih Formation (cf. Fink, 2013; Fink et al., 2015).
I-c N-S striking en-echelon calcite vein sets indicating N-S oriented bedding parallel compres-
sion. The sets are found in two outcrops (Swimming Pool Pavement, Al Raheba; see also
chapter 1 and Arndt et al., 2014). It is important to note that the conjugated en-echelon
vein sets of Phase I-c could also have formed during Phase II or Phase III-a.
The relative, temporal order of vein types within phase I remains ambiguous, due to a lack of
sites showing crosscutting relationships.
Phase II – N-S Vein Set
N-S to NWN-SES striking, bedding confined, calcite veins of high aperture (> 5 cm) veins
occurring as solitary veins or in meter-wide vein clusters or bundles. The veins are observed
with a steeply oriented dip to the west with respect to the bedding. Yellow colored vein filling
calcite can be found in some Phase II veins. The veins’ orientation is very similar to Phase I-c
veins.
Phase III – ENE-WSW & NE-SW extension
Six types of structures where observed in Phase III that fit to horizontal extension (lowest
principal stress σ3 was horizontal). A phase of NE-SW directed extension (III-c, III-d, III-e,
III-f) follows a ENE-WSW directed extension (III-a; III-b) as indicated by well established
crosscutting relationships. Phase III veins are strongly dependent on layer dimensions (i.e.
thickness) and lithology.
III-a NWN-SES striking, bedding confined calcite veins at high angle to bedding, locally showing
a stable spacing and geometry (cf. Virgo et al., 2014).
III-b NW-SE striking, calcite veins at high angle to bedding reactivating Phase III-A veins with
a sinistral sense indicating anticlockwise rotation from Phase III-a to III-b.
III-d Microveins that are parallel to NW-SE striking veins (i.e. Phase III-c)
III-d Boudinaged patches (i.e. diagenetic concretions) embedded in thicker limestone layers.
The limestone outboard the patches does not show visible veining. Phase I-a veins (low
angle and bedding parallel veins) are boudinaged. Veins formed in the necks of the boudins
show similar orientation to the patch-boudinage veins (cf. Virgo et al., 2014).
III-e Fibrous quartz strain fringes observed at round, quartz-bearing micro-fossils (i.e. radiolar-
ites). The strain fringes show a dominant NE-SW oriented shaped preferred orientation,
which is parallel to the NE-SW extension of Phase III-c through Phase III-e (cf. Arndt
et al., 2014).
Phase IV – N-S extension
IV-a Phase IV-a is represented by bedding parallel veins indicating a top-to-east shear sense.
The veins are similar to those described by (Holland et al., 2009b; Hilgers et al., 2006;
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Virgo et al., 2013b; Gomez-Rivas et al., 2014) and their internal lamination can be seen in
outcrop. The bedding parallel shear veins are found in structural superposition to NW-SE
striking bedding normal Phase II veins. They are crosscut by E-W striking strike-slip
faults and related veins (Phase V).
IV-b Phase IV-b is characterised by a N-S directed extension (overburden is largest principal
stress). Structures evolved during this phase comprise normal- to oblique-slip faults and
extension veins related to this faulting. The faults are often observed being calcite cemen-
ted highlighting their dilatational character. Conjugated en-echelon vein sets also indicate
a E-W striking normal- to oblique-slip faulting regime. The structures of Phase IV-b are
probably the most dominant brittle deformation features recognized in the field area. The
faults show dip separation offsets varying through several orders of magnitude (m-scale to
hundreds of meters; see also Stenhouse, 2014; Holland et al., 2009b; Virgo et al., 2013b;
Filbrandt et al., 2006; Richard et al., 2014; Hilgers et al., 2006; Gomez-Rivas et al., 2014).
Phase V – E-W compression (strike-slip)
During Phase V E-W striking faults of Phase III were reactivated by strike-slip movement
indicating an E-W directed compression (overburden is intermediate principal stress). While also
new (calcite cemented) strike-slip faults formed, dip-slip striations on Phase IV-b fault planes
are overprinted by horizontal striations indication strike-slip movement. Conjugated en-echelon
sets with a vertical intersection linear also indicate this tectonic phase. Intense formation of
extension veins accompanied the formation of the strike-slip faulting (cf. Stenhouse, 2014; Virgo
et al., 2013b; Filbrandt et al., 2006; Gomez-Rivas et al., 2014).
PhaseVI – NE-SW compression (strike-slip)
The youngest phase of fault-related veining can be recognized by NE-SW striking strike-slip fault
and associated conjugated en-echelon sets. Extension veins are found associated to the faults
but also conjugated shear veins. Bedding normal, NW-SE striking tectonic stylolites indicate a
NE-SW compression as well (Gomez-Rivas et al., 2014; Arndt et al., 2014).
PhaseVII – Late Structures
E-W striking, juvenile calcite microveins (lacking deformation twins) with transparent calcite are
observed crosscutting veins of all other phases. Joints are very late structures and are probably
related to the exhumation of the autochthon. Joints are often found to have reactivated older
microveins of various orientations (cf. Meeßen, 2011; Virgo et al., 2013b).
Field areas and outcrops
This section will present an overview of outcrops and field sites in the study area. Figure 2.8
shows the location of field areas and respective outcrops. Some field areas host several outcrops.
The samples that have been taken at each outcrop are listed in table 2.1. The table gives also key
to the field area number in Figure 2.8. The field areas will be shortly described and are ordered
by latitude from West to East (see text below). Each field area and outcrop respectively will be
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Table 2.1.: List of field areas, outcrops, tectonic phases and samples.
# Field area Outcrops Phases Samples
1 Wadi Dhum Swimming Pool Pavement I-c, III-a,b,
V
MA-2010-004,
-005, -006, -007,
-008, -009, -010;
OM12-024
Entrance Wadi Dhum 0, IV-a OM12-025
2 Mandaa Gorge Upper Gorge Pavement
Lower Gorge Pavement I, II, III-a,
IV-b, VI
OM12-017, -018,
-019, -020, -021,
-022, -023
3 Sundown Pavement II, III-a,
IV-b, VI
OM12-035A, 036,
037B, 038C,
039E, 040E, 041D
4 Al Raheba Al Raheba Pavement I-c, IV-b,
V-a, V-b
JS-PL-001 -
JS-PL-110;
OM12-013, -014,
-015, -016
5 Jebel Shams Plateau Wing Pavement III-d OM13-004, -005,
-006, -007
Jebel Shams Resort III-c, VI OM13-001, -002
6 Wadi Ghul Dhawee Al Jahla Pavement I-b, III- a,
III-b, V
OM12-026, -027,
-028, -029, -030,
-031
7 Pinch-n-swell veins III-a,IV-a OM12-006
8 Top to East Type locality IV-a, V OM12-012
9 Faults Wadi Nakhr Incipient fault outcrop 0, IV-b, V OM12-008, -009,
-010, -011
10 Bright-bed outcrop 0, IV-a OM12-007
11 Entrance Wadi Nakhr 0, III-a,
IV-b
OM12-004, -005
12 Ramps Wadi Ghul 0(?), III-a,
IV-b(?),
V(?)
OM12-001, -002,
-003
13 Hayl al Shaz area III-b, III-c,
IV-b, V(?),
VIII
OM11-005;
OM12-032, -033,
-034
14 Road to Hayl al Shaz III-a, IV-b
(?), V(?)
OM13-003
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presented with a description of the outcrop type (i.e., cliff, pavement) and exposed structures
of tectonic phases as defined above.
Wadi Dhum
Wadi Dhum is the westernmost field area hosting two outcrop localities (locality #1 in Table 2.1
and in Figure 2.8). The Wadi, northwards of village Barut is an up to 80 m deep incision into
the Natih Formation. At ’Entrance of Wadi Dhum’ bedding parallel veins with two different
striations are present (Phase 0 & Phase IV-a). The spectacularly exposure of the ’Swimmingpool
Pavement’ is situated 630 meters northeast of the bedding parallel veins and host several vein
sets (see Figures 2.9 & 2.10).
Phase III-a and III-b are confined to a single, polished limestone bed that is intercalated between
two argillaceous limestone layers with limited vein development (see Figure 2.9B, C & Figure
2.10). The veins are oriented at high angle to bedding. Phase III-a veins are up to 4 cm thick and
have a tabular geometry. Laterally, in bedding parallel direction, vein tips are usually developed
as wings with a continuation of several en-echelon segments that are parallel to the wing (Phase
III-b). The same feature is observed for vein tips vertically to the bedding. In a limestone bed
below the argillaceous unit that forms the bottom of the layer hosting Phase III-a and III-b veins,
we observed two conjugated en-echelon calcite vein sets. The older set (Phase I-c) produces N-S
striking en-echelon segments and indicates a horizontal N-S oriented σ1, while the younger set
(Phase V) produces E-W striking segments and indicates horizontal E-W compression (see also
section 2.4.1 and Figure 2.10).
Observed with the naked eye the vein sets show elongate to fibrous crystals with a shape-
preferred-orientation. In addition to calcite, quartz crystals are frequently observed in the veins
at the ’Swimming Pool pavement’. The exposed bedding surface has been digitally captured by
systematic photography by Wu¨stefeld (2010), who also documented crosscutting relationships.
In limestone layers 1.5 m below in the stratigraphy two conjugated sets of en-echelon vein arrays
are exposed (see Figure 2.10). Gomez-Rivas et al. (2014, see their figures 10A, 11A, table 2)
have described and classified the exposed vein sets at the ’Swimming Pool Pavement’ (set #5
and #6 of their nomenclature).
Mandaa Gorge area
The village Mandaa is situated on the eastern side of a steep incision of a N-S trending Wadi
(called the ’Mandaa gorge’) cutting through yellow and red shales as well as carbonate breccias
of the Muti Formation (locality #2 in Table 2.1 and in Figure 2.8). The bottom of the gorge
follows generally the regional dip slope of the area. Several polished ’soccer field’-sized pavements
are exposed at bottom of the gorge. They are the topmost layers of the Natih Formation. Two
exceptionally well exposed pavements have been digitally captured in the past by Raith (2010,
Lower Gorge Pavement) and Thronberens (2010, Upper Gorge Pavement). Both theses describe
vein sets that are exposed in the respective pavement as well as their cross cutting relationships.
The ’Lower Gorge Pavement’ host five distinctive vein sets (Phase I, II, III-a, IV-b & VI) that
show consistent crosscutting relationships (Figure 2.11), while in the ’Upper Gorge Pavement’
consistent crosscutting relationships are obscured by a sheer overwhelming multitude of veins
that must have been reactivated mutually. We found the following crosscutting relationships at
the ’Lower Gorge Pavement’ (from old to young):
Bedding parallel veins are found to be the oldest vein generation (Phase I). They are followed
by N-S striking veins (Phase II) that showed a consistent Eastwards directed inclination to the
bedding with an average dip of 45°. Thus the apparent vein width in the outcrop pattern of this
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20 cm
B
Figure 2.10 C
C
A
B
III-a BCV
III-b
III-b
Figure 2.9.: Outcrop photos of the ’Swimming Pool Pavmenet’. (A) Oblique view
onto the pavement. Yellow bar is 5 meters; note geologists in foreground. (B) Bedding
confined calcite veins (Phase III-a), terminating in en-echelons or wings (Phase III-b).
A second set is sub-parallel to the wings (Phase III-b). Field book for scale. Location
and viewing direction indicated in (A) by yellow polygon. (C) 3D exposure of the
Phase III-a veins to highlight the veins being confined to a 20 cm thick limestone bed.
View parallel to bedding (indicated by red eye symbol in A); highlighted top of bed
(dashed red line) is indicated in (A) by solid red line.
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Phase V
Phase I-c
OM12-024
Phase III-a BCV
Figure 2.10.: Outcrop photo showing a polished bed below the prominent bed that host
Phase III-a and III-b bedding confined veins (see Figure 2.9). A Phase V conjugated E-
W strike-slip en-echelon vein set cross cuts a Phase I-c, NS-oriented en-echelon array.
Sample Location OM12-024. Field book for scale. View to WNW.
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vein type is larger than the effective vein widths (see Figure 2.11).
Veins of the NW-SE striking set are found at high angle to bedding (Phase III-a) and showed
two different morphology types (high and low aspect ratios respectively). The next vein set is
represented by an E-W striking vein set (Phase IV-b) at high angle to bedding. The veins are
sub-parallel to normal faults with a maximum dip separation of less than 1 m.
The NE-SW striking set of veins at high angle to bedding is the youngest vein set (Phase VI).
It is composed of thin veins with a high aspect ratio and a massive development of adjacent
parallel microveins.
Sundown Pavement
Adjacent to the road from Al Hamra to Jebel Shams the local stratigraphy is bedded horizontally
(locality #3 in Table 2.1; see Figure 2.12). At the large-scale the area represent the hinge zone
of the Jebel Akhdar Anticline.
Four vein sets, all oriented at high angle to bedding, are present in this Natih exposure. The
oldest set is striking N-S (Phase II). It is composed of long straight veins with apertures of
smaller than 1 cm and many parallel microveins. The major veins show a spacing varying
between 1 m and 2 m. The second oldest veins are NW-SE striking, straight veins (Phase IIIa),
with partly yellow calcite and vein widths up to 4 cm (Figure 2.12C). These veins feature a larger
strike-extent than the older (Phase II) veins, but they are accompanied by parallel microveins
as well.
The second youngest set (Phase IV-b) is the most prominent set that is exposed in the area.
Its straight, E-W striking veins often show complex intersections with conjugated ENE-WSW
striking en-echelon sets from the same vein set (Phase IV-b). The vein calcite has a silky
appearance. Microveins are present, but less frequent than in the older sets.
The locally youngest set is composed of ENE-WSW to NE-SW striking veins (Phase VI). These
veins are more abundant in the northern part of the area than elsewhere.
Al Raheba Pavement
The Al Raheba Pavement is situated next to the road from Al Hamra to Jebel Shams (locality
#4 in Table 2.1 and in Figure 2.8). At this locality the stratigraphy is tilted gently towards the
West. The topmost layers of the Natih A member are exposed here. A dense network (mesh) of
crack-seal calcite veins (orientated at high angle to bedding) is spectacularly exposed hosted by
the topmost layers of Natih A member at Al Raheba (please see also chapter 1). The outcrop
has been described firstly by Holland et al. (2009b) and has been digitally captured by Virgo
and Arndt (2010). The latter thesis presented also thin sections made from drill-cores, which
are also used for our present study.
While consisting relative crosscutting relationships between veins of different strike orientation
are difficult to establish in the main vein mesh, outside some tens of meters away from the mesh,
clear crosscutting relationships between three distinct, partly conjugated en-echelon vein meshes
are present (see Figures 2.13 and Figure 2.14). These sets have been described by Arndt et al.
(2014, see also chapter 1 of this thesis) and Gomez-Rivas et al. (2014).
The oldest Phase I-c set is the most prominent set of the area and is composed of calcite veins
that are part of two conjugated en-echelon vein arrays that produce N-S striking veins with
a thickness varying between few mm and 2 cm. It is filled by ferroan calcite as indicated by
blue-purple staining colors. The intermediate Phase V-a set crosscuts the oldest set (Phase V-b)
at various locations (i.e. see Figure 2.14B,C) and is formed by two conjugated en-echelon arrays
consisting of E-W striking veins with a thickness of 1 cm. The vein cement shows very pale-pink
colors indicating pure calcite. The youngest set is represented by en-echelon vein arrays. The
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III-a
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Figure 2.11.: The spectacular exposure of the ’Lower Gorge Pavement near Mandaa.
The polished limestone bedding surfaces allows detailed observation on different exposed
vein sets of five tectonic phases (Phase I, II, III-b, IV & VI). Phase I are bedding
parallel veins, thus not visible on the image. View to North.
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Phase III-a
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Phase III-a
III-a
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OM12-038C
OM12-035A
OM12-037B
Figure 2.12.: Outcrop photos of the Sundown Pavement. (A) Overview image on
the different exposed vein sets (image courtesy: Simon Virgo). (B) Detail photo of
vein intersection of Phase III-a and Phase VI. Map view, black circle is same size as
compass in C. (C) Detail photo of a yellow, NW-SE striking calcite vein (Phase III-a)
and thin Phase VI veins. Map view; compass for scale.
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Muti Fm
Top Natih A
SouthNorth
Al Hamra
next figure
Rd. to Jebel Shams
Figure 2.13.: Field photograph of Al Raheba Pavement, which consists of three pol-
ished limestone beds on the Eastern side of the road to Jebel Shams. Landcruiser 4WD
for scale (yellow arrow). The extend and the viewing position seen in Figure 2.14 are
indicated (white eye-symbol).
veins of the array show a constant NW-SE strike, partly reactivate preexisting veins of the older
sets. The veins show a thickness of up to 4 cm. The oldest N-S striking vein set outnumbers
both younger vein sets by far.
The latest structure is represented by a 10 m long E-W trending, partly dilatant, calcite-filled
normal fault of Phase IV-b. This fault consistently crosscuts the vein of the previously described
sets and it dips northwards at about 65 relative to the bedding. It has a total length of 10 m.
The calcite filled dilatant parts have a maximum width of 2 cm, and a maximum dip separation
of 10 cm (see also Arndt et al., 2014, and chapter 1 of this thesis).
Jebel Shams Plateau
The Jebel Shams Plateau is an area of several square kilometers. It is situated further East
of the Sundown pavement (locality #5 in Table 2.1 and in Figure 2.8). The local bedding is
horizontal as well (see text above). Several limestone pavements of prime quality are exposed
in walking distance to the Jebel Shams Resort. In the pavements around the Jebel Shams
Resort we observed at least four sets of veins (Phases III-a, III-c, III-d and Phase VI) that are
oriented at high angle to bedding and a single (Phase I-a) set that is oriented at low angle to
bedding.
The ’Wing pavement’ ist located 450 m SW of the Jebel Shams Resort exposing limestones of
the Natih Formation. Brown-greyish colored patches (presumably of sedimentary or diagenetic
origin) - embedded in grey limestone - are boudinaged. The boudin-necks are sealed in form of
lense-shaped, NW-SE striking veins (Phase III-d) with lengths of decimeter-scale are observed
(see Figure 2.15) and high width/length ratios. Wing tips as well as tip splays are persistently
observed (see Figure 2.15). The wing-shaped veins gave the location its name – Wing pavement.
We investigated three Phase III-d vein samples (OM13-004, OM13-005, OM13-006) from the
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OM12-016
Figure 2.14.: Cross-cutting relationship of three distinct vein sets (Phase I-c, V-a &
V-b) exposed at Al Raheba. (A) Oblique view onto the limestone pavement with high-
lighted vein sets. Green (oldest; Phase I-c) strikes N-S; intermediate (blue; Phase V-
a) strikes WSW-ENE; youngest (red; Phase V-b) strikes NW-SE. Inset shows lower
hemisphere, equal area stereoplot of the vein sets. (B) Detail photo of crosscutting
relationships and (C) interpretation sketch; map view.
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NPhase III-a BCV
BA
Figure 2.15.: Examples of boudinaged, brown patches in grey limestone. NW-SE
striking, lens-shaped veins (Phase III-d) with high width/length ratios are restricted to
the area of the patches; map view, north is up in both images. Black circle in (B) is
same size as compass in (A). Veins of a later generation (red dashed lines) – unconfined
to the brown patches – crosscuts the boudinage veins of Phase III-d.
Wing Pavement.
Eastwards, 250 m from across the road at the Jebel Shams resort is the location of the ’Jebel
Shams Resort pavement’ (see Figure 2.16A). The exposed rocks are from the Natih Formation.
We investigated two types of veins. The first type are short en-echelon vein segments (Phase VI)
with high width/length ratios. The sinistral en-echelon vein array strikes WNW and the vein
segments have a strike orientation that is turned about 5°anticlockwise (see Figure 2.16B). The
second type are mm-spaced NW-SE striking microveins (Phase III-c) with high low width-length
ratios (see Figure 2.16C).
Dhawee Al Jahla Pavement (Wadi Ghul)
At the ’Dhawee Al Jahla Pavement’ in Wadi Ghul polished limestone bed surfaces of Natih A
limestones are exposed (locality #6 in Table 2.1 and in Figure 2.8). The layers are tilted to the
south. This orientation corresponds to the regionally developed bedding of the southern limb (of
the Jebel Akhdar Anticline; see geologic cross section Figure 2.4). The locality is of particular
interest because several sets of partly bedding confined veins are well exposed (Phases I-b, III-
a, III-b and Phase V). The vein sets show clear crosscutting relationships. This locality and
surrounding areas exposing Natih A layers are the type locality of black, bitumen impregnated
crack-seal calcite veins (Phase I-b) that are always found cross cut and/or reactivated by later
vein sets (cf. Fink, 2013; Fink et al., 2015). Additionally to the Phase I-b bitumen veins, bedding
confined veins of Phase III-a, their sinistral reactivation Phase III-b veins as well as Phase V
veins are exposed. Stained samples of the bitumen impregnated veins show dark-purple to
pale-pink colors. Stained calcite of Phase III-a and its adjacent microveins show pink-purple
colors indicating a minor Fe-content in the calcite. Observed by hand lens it can be seen
that Phase III-b veins show stretched crystals. The vein cement showing purple staining colors
67
Vein and fault microstructures - Oman Mountains
Jebel Shams Resort
Jebel Misht
NE
C
B
SW
Phase VI
Phase III-a
Phase III-a
Phase III-c
Figure 2.16.: (A) Field photo of the Jebel Shams Resort Pavement. In the background
the Resort and Jebel Misht. (B) Map view photo of ENE striking sinistral en-echelon
vein set (Phase VI) crosscutting Phase-III-a veins; North is up, compass for scale.
(C) Map view photo of densely spaced microveins (Phase III-c). Sampling location of
sample OM13-002; North is up, compass for scale.
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Figure 2.17.: Field photo of the Dhawee Al Jahla Pavement. The Natih A limestone
beds hosts several sets of bedding confined veins; view to East.
indicating Fe-bearing calcite. The younger Phase VI veins are sealed by pure calcite as indicated
by pale-pink staining. The Phase III-b veins at the Dhawee Al Jahla Pavement are accompanied
by parallel microveins showing the same staining color.
Pinch ’n’ swell vein outcrop (Wadi Nakhr)
The ’Pinch and swell vein outcrop’ is situated at the far end of Wadi Nakhr, Omans great
canyon (locality #7 in Table 2.1 and in Figure 2.8). Cleavage parallel veins of Phase 0 are
spectacularly exposed in a 1 meter thick, marly bed of the Jurassic Sahtan Group (see Figure
2.19). This outcrop is at the stratigraphically oldest or lowermost position in our study area.
The exposed veins have been previously described by Gomez-Rivas et al. (2014); Hilgers et al.
(2006); Holland et al. (2009b). The veins are up to 5 cm thick, have a lateral extent of several
meters and show a pinch-and-swell type morphology. At detailed observation it can be seen
that the veins have been boudinaged. The necks appear sealed by stretched calcite and quartz
and crystals (see Figure 2.19). The stretching lineation is oriented ENW. This orientation is
approximately perpendicular to the orientation of individual veins that are visible within the
cleavage parallel veins. It remains unclear in which tectonic phase the veins have formed.
Top to East Type locality
The ’Top to East Type locality outcrop’ is situated in Wadi Nakhr (locality #8 in Table 2.1
and in Figure 2.8). A 1 cm thick, bedding parallel calcite vein with a top to east sense of shear
(Phase IV-a) is found clearly displacing Phase II bedding normal veins (see Figure 2.20). The
vein can be followed laterally for several tens of meters and shows host rock inclusions. At out-
crop the vein filling calcite shows white and brown-reddish colors. KFC + ARS stained samples
show pale-pink colors indicating pure calcite. The outcrop has been described by Holland et al.
(2009b). The bedding parallel shear vein itself is crosscut and vertically displaced by steep, E-W
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Figure 2.18.: (A) Dhawee Al Jahla outcrop photo of a black, bitumen impregnated
calcite vein that gets crosscut by a younger calcite vein with stretched crystals; map
view, pen for scale. (B) Outcrop photo of a sinistral, sigmoidal en-echelon vein array
that is also black; map view, pen for scale.
striking Phase VI-b normal faults were reactivated by Phase V strike-slip.
Faults in Wadi Nakhr
At several locations within Wadi Nakhr, Oman’s grand canyon, tectonic faults are displacing the
’layer-cake’ limestone stratigraphy. The most spectacular outcrops can be found in the vicinity
of locality #9 (see Table 2.1 and Figure 2.8). At the bottom of Wadi Nakhr limestone beds of
the Salil formation are exposed in steep, almost vertical cliffs. Normal to oblique-slip faults with
vertical dip separations varying from 100 to 102 m scale are cutting through the stratigraphy
(see Figure 2.21). The largest faults can be followed for more than 800 m vertically upwards to
the cliff-edge of the grand canyon (cf. Holland et al., 2009b). The faults have been described
previously by Richard et al. (2014); Filbrandt et al. (2006); Gomez-Rivas et al. (2014); Hilgers
et al. (2006); Holland et al. (2009b). We investigated a large-scale Phase IV-b fault featuring
subhorizontal striations on the fault plane. The striations are most likely caused by Phase V
E-W trending strike-slip reactivation of the Phase IV-b fault. The fault shows an apparent
dip-slip offset of 100 m juxtaposing decimeter-scale bedded limestones of the Salil 1 and Salil 3
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Figure 2.19.: (A) Phase III-a, cleavage-parallel ’Pinch and swell veins’ developed
in a shale layer of the Jurassic Sahtan group. The veins were stretched (boudinaged)
during Phase IV-a in ENE-WSW orientation. (B) Top view of a cleavage parallel vein
(sample OM12-006). Note ENE trending, stretched, brown quartz crystals in the neck
of the boudinaged pinch-n-swell vein; pen for scale. 181/03L indicates intersection
linear of the pinch-n-swell vein with single boudin veins.
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members (Razin, 2012). We furthermore studied outcrop-scale oblique-slip faults with a dip-slip
displacement of 10 cm. Both fault types have dilatant, calcite-filled sections (see Figure 2.22).
The large-scale fault is cemented by yellow-brownish calcite. The outcrop scale faults are filled
with partly white to red-brown calcite with well visible striations indicating oblique-slip. On
top of the slickenside surface shiny crystal facets - indicate late crystal growth into open space.
The faults are found to consistently displace Phase 0 bedding parallel shear veins that have
a top to the north sense of shear (see Figure 2.23). Stained cement samples of the outcrop-
scale, oblique-slip faults showed dark, purple colors indicating Fe-bearing calcite as well as deep
turquoise colors indicating ferroan dolomite. Few fragments did not show any staining color at
all. Stained fault gouge samples of the large scale fault show orange to pink colors indicating
pure calcite, but also colorless fragments were observed. The sample of the Phase 0 bedding
parallel shear vein shows deep blue staining color indicating Fe-rich calcite.
B
A
Phase II
Phase II
Phase IV-a
Phase IV-a
OM12-012
Figure 2.20.: (Continued on the following page.)
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Bright bed outcrop
Bedding parallel veins featuring two different striations on the bottom side and the top side
respectively are exposed in Wadi Nakhr at locality #10 (see Table 2.1 and Figure 2.8). Light-
grey colored limestone beds of the Salil Formation in the surroundings give the area a distinctive
character as the limestones are usually darker in the study area. The bedding parallel veins
are approximately 2 cm thick (see Figure 2.24). On the bottom side striations are visible in
host-rock inclusion patches. The age relationship of the different shear events could not be
established, but one striation matches kinematics of Phase 0 (top-to-north), while the other is
parallel to Phase IV-a (top-to-east) sense of shear. After the samples were cut vertical to the
vein orientation and parallel to the respective striation, they were stained. Both samples showed
deep blue colors indicating iron-rich calcite. Parts of the surfaces did not show a staining color.
We identified those parts as quartz in thin section.
Entrance Wadi Nahkr
At locality #11, the entrance of Wadi Nakhr (see Table 2.1 and Figure 2.8) limestone beds of
the Natih A and B member are exposed. The characteristic alternating beds (Corg-rich and
CaCO3-rich) of Natih B sequence III-4 host bedding confined Phase III-a veins that are evenly
spaced (see Figure 2.25). The outcrop is quite famous and has been mentioned in the studies of
Homewood et al. (2008); van Buchem et al. (2002). Low angle thrust faults with strike-extents
at the meter-scale can be found at this location as well. The orientation as well as slickenside
indicate southward thrusting (Phase 0). Steep Phase IV-b faults are displacing the limestone
layers. We were not able to establish a solid model for age relationship between these three
different types of structures at this outcrop.
Ramps Wadi Ghul
Ramp structures, along EW- strike km-sized morphologic features, are exposed on the southern
flank of the Jebel Akhdar Anticline (locality #12 see Table 2.1 and Figure 2.8). The deformation
caused by the formation of the ramps has tilted sequence III-4 Natih B limestone beds. The layers
represent the same stratigraphy as those layers seen at locality #11. Within these alternating
layers of Corg-rich and CaCO3-rich we observed bedding confined calcite veins. The veins have
the same orientation with respect to bedding and the same spacing as seen in locality #11 (see
Figure 2.26) as well as in layers just north of the ramps. As the veins are rotated with the
bedding they show a generally different orientation. While at locality #11 and at outcrops just
north of the ramps Phase III-a bedding confined veins show a constant NW-SE strike orientation,
bedding confined veins in the ramps show a E-W trending strike orientation. We argue that the
misorientation of the bedding confined veins with respect to the same type of veins in adjacent
outcrops is a result of the ramp formation that involved rotation and tilting of the Natih B
limestones in Wadi Ghul. Samples of vein calcite showed pale-pink colors, but stainless cement
crystals (quartz) are observed as well.
Hayl Al-Shaz area
The structure, morphology, distribution and offset of normal faults in the area North of the
village Hayl al Shaz has been studied by Virgo et al. (2013b); Holland et al. (2009b). The area
(facing page) Figure 2.20.: ((A) Two Phase II bedding normal veins are displaced
by a Phase IV-a top-to-East bedding parallel shear vein. The effective shear sense
parallel displacement is approximately 1 meter (lens cap for scale). (B) Detail photo
of top-to-East view to W, pen for scale.
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Phase IV-b
Phase 0
Figure 2.21.: Fault outcrops in Wadi Nakhr. Several faults of varying offset and kin-
ematics are cutting through limestone beds of the Salil Formation. The faults (dashed
red lines) are displacing Phase 0 top-to-north bedding parallel shear veins (highlighted
by solid yellow lines). Red arrow shows location of fault presented in Figure 2.22.
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Figure 2.22.: (A) Outcrop photo of large-scale Phase IV-b fault; view to West,
location of this fault indicated in figure 2.21. Geologist’s right hand points at location
of (B). (B) View on fault plane; view to South, chisel for scale. (C) Detail view of B:
oblique-subhorizontal striations on fault plane.
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Figure 2.23.: (A) Outcrop photo of oblique-slip faults displacing bedding parallel
veins; view to SW. (B) Detail of (A) showing dilatant, calcite filed parts of the fault
and the crosscutting of the bedding parallel vein; pen for scale. (C) Oblique view on
bedding parallel vein with NNE trending striations on the top plane.
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Figure 2.24.: Bedding parallel veins in Wadi Nakhr showing two different striations.
(A). Overview photo; view to SE, Hammer for scale. (B) Map view on bedding parallel
vein. Note NNE Phase 0 striations (indicated by ’L215/14’). (C). Detail of (B)
showing E-W Phase IV-b trending striations.
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Figure 2.25.: Equally spaced Phase III-a bedding confined calcite veins in CaCO3-
rich) beds of the Natih B member; view to East, fieldbook for scale. Sample location
OM12-004, OM12-005.
is on the southern limb of the Jebel Akhdar Anticline and forms a dip-slope (locality #13 see
Table 2.1 and Figure 2.8). Fine-grained, dark-grey and light grey limestones of the Kahmah 3
member are exposed. We investigated the microstructure of a calcite-filled (orange-pink stain
colors) dilatant jog that has developed in one of the Phase IV-b normal faults that are exposed
in the area (see Figure 2.27) and the microstructure of a fault gouge developed in a Phase IV-b
normal fault with a dip sepration of approximately 20 meters (see Figure 2.28). Samples of
the latter fault gouge show pale-pink stain colors, but stainless fragments are also present in
the gouge. Furthermore we investigated microstructures of microveins of at least three different
orientations. The microveins form the boundaries of differently colored fine-grained limestone
creating a polygonal pattern (see Figure 2.29).
Road to Hayl Al-Shaz
Calcite veins (Phase III), oriented at high angle to bedding are exposed in Natih Formation
limestone in an area that can be accessed from the gravel road leading from Al Hamra to Hayl
Al Shaz (locality #14 see Table 2.1 and Figure 2.8). White-yellow, blocky calcite veins that strike
NW-SE (up to 2 cm thick) are reactivated by E-W to WNW-ESE striking veins of bright, white
calcite (see Figure 2.30). Another set of vein bundles that strikes WSW to EW is crosscutting
the thick vein. Samples of all veins showed pale-pink to deep-pink stain colors indicating pure
calcite.
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Figure 2.26.: (A) Profile view on ramp structure in Wadi Ghul along the main fold
axis of the ramp. (B) Equally spaced bedding confined veins in CaCO3-rich) beds of
the Natih B member; view to Northeast, fieldbook for scale.
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Figure 2.27.: (A) Layered calcite fill of a meter sized dilatant jog developed in a
normal fault; hammer for scale. (B) Detail of (A). Banded calcite fill of varying color;
chisel blade is 1.5 cm wide.
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Phase IV-b
OM12-034
Figure 2.28.: Deformed calcite fault gouge developed in a normal fault of the Hayl
al Shaz area; pen for scale.
OM12-032
Phase III-c
Microveins
Phase III-b
Pha
se V
II
Figure 2.29.: Polygonal pattern developed in fine-grained limestones. Dark and light
grey polygons are bound to microveins; map view, pen for scale.
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Figure 2.30.: A) Outcrop photo of vein intersections. A thick, white-yellow, blocky
calcite vein (Phase III-a) is intersected and/or reactivated by several veins of varying
strike orientations (Phases IV-b?, V?). Map view, view to North, compass for scale.
B) Detail of A. A thin calcite vein changes its direction, when intersecting with the
thick vein, resulting in an antitaxial reactivation of the NW striking thick vein (red
dashed line). A thin, bright colored calcite vein, that strikes WSW crosscuts the thick
vein in the lower part of the image (blue dashed line).
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2.4.2. Microscopic observations
We have observed several types of vein and fault cementing microstructural domains or textures
respectively by investigation of more than 70 thin sections. Each microstructural domain will be
briefly described and documented by images acquired from optical microscopy, cathodolumin-
escence (CL) and scanning electron microscopy (SEM). The description is usually focussed on
the crystal fabric description of cements in fractures (veins) and faults. The description features
mostly, but is not necessarily restricted to:
• crystal grain sizes and grain size distribution
• crystal shape, i.e. euhedral, subhedral, anhedral
• crystal habitus, i.e. prismatic, tabular, columnar
• grain boundary geometries
• preferred orientations, i.e. shape-preferred-orientation (SPO), lattice preferred orientation
(LPO)
Criteria for crosscutting relationships
As the paragenesis and the relative succession of different vein sets is commonly of high value
we pay attention to establish criteria for vein crosscutting relationships at micro-scale. Criteria
for crosscutting relationships are:
• Structural superimposition as shear offset
• Mineral superimposition
• Superimposition of microfabric, i.e. fibrous vein is crosscut by blocky vein or vice-versa
However there are some remaining difficulties to determine an unambiguous crosscutting rela-
tionship as:
• Pure extensional opening of younger vein in x-type junctions resulting in no offset
• Epitaxial growth of vein crystals that are broken by new cross cutting fracture
• apparent offset of pseudo offset as seen in y-type junctions, a result of vein reactivation
2.4.3. Microstructural domains
Columnar calcite
A unique microfabric of columnar shaped calcite crystals with aspect ratios of up to more than
10
1 (
length
width ) is developed in some veins hosted in the Natih formation (Wadi Dhum and Wing
Pavement). As the same shapes are observed in thin sections parallel to bedding as well as
vertical to bedding, it is suggested that the main crystal habitus is columnar or needle shaped.
The microfabric shows a shaped preferred orientation (SPO), where the long axis of calcite
crystals are oriented at high angle to the vein-host rock interface (see Figure 2.31). The same
SPO is observed in thin sections vertical to bedding. Some veins show classic wing tips at macro
scale.
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Figure 2.31.
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(facing page) Figure 2.31.: Columnar calcite microstructures in lens shaped calcite
veins; Natih Formation, Wing Pavement, Jebel Shams area. (A) Columnar micro-
structure overview; note: long axes of crystals are oriented at high angle to the vein.
(B) Detail of (A) showing large aspect ratios ( lengthwidth ) of calcite crystals. Some crystals
appear to continue laterally, despite that they are truncated in the plane of view (yel-
low arrows). (C) Detail of vein wall. Grain size increases inwards. Large (> 2 mm)
crystals form the central part and can be found connected to the vein-host rock inter-
face (yellow outline). Calcites show straight and curved deformation twins. (D, E)
Detail of C in XPL and PPL respectively. Fluid inclusion bands continue across grain
boundaries (highlighted by red arrows). (F) Wing vein overview. The wing contains≈ 40% of quartz and the orientation of columar crystals remains at high angle. All
micrographs parallel to bedding.
In thin section the SPO within the tips is rotated similar to the orientation difference between
the wing and the main vein (see Figure 2.31F). Here we observed intergrowth of calcite and
quartz crystals, where the quartz crystals have dominantly developed rational facets. Towards
the tip of the vein or the wing respectively the microfabric changes transiently into an elongate
blocky texture consisting of stretched crystals. The vein finally splits up into a multitude of
microveins with apertures less than 10 µm. Similarly, within the wing there is a transition
directed outwards from the columnar texture into an elongate block texture and finally into
separated microveins (see Figure 2.32).
Compared to classic fibrous textures (Urai et al., 1991, their figure 3a) and (Bons, 2000; Bons
et al., 2012, and references therein) it is observed that grain boundaries are not strictly parallel
to each other, but the boundaries intersect with each other. The long axis of some ’columns’ is
significantly inclined to the overall SPO, truncating other crystals that are showing a general
SPO. It is uncommon that columnar crystals are connecting both vein-host rock interfaces, but
they are often connected to the vein-host rock interface (see Figure 2.31). At the vein’s boundary
with the host rock calcite crystals with smaller grain sizes are observed that did not develop
a columnar shape (see Figure 2.31C). When observed under cross-polarized light, each grains
within the columnar texture can be clearly distinguished from their respective neighbor grains
by their birefringence interference colors.
Fluid inclusion bands can be observed constraint to single crystals, but they can also be followed
across grain boundaries (see Figure 2.31D,E). Calcites are deformed as shown by abundant
mechanical twins that are partly folded (see Figure 2.31).
It is commonly observed that equally sized, euhedral quartz crystals are found outside in the host
rock, but adjacent to the vein-host rock boundary. These quartz crystals are clearly associated
with the veins as they cannot be observed in the limestone host rock away from the veins (see
Figures 2.31 & 2.33D,E,F). Adjacent to the veins a multitude of microveins, which are parallel
to the main vein, is commonly observed. These microveins are found to have stretched detrital
carbonate particles (Figures 2.31F & 2.33D,E,F). Towards the tip of veins showing the columnar
texture it is generally observed that the vein is formed consistently by stretched crystals. Under
cathodoluminescence columnar textures appear in dark-orange-red. Close to the vein host rock
boundary brighter luminosity can be observed that is constraint to sharp edges (see Figure 2.33).
These edges are partly follow grain boundaries, but are note restricted to them. Following the
nomenclature of Machel (2000, figure 8) we describe the CL response as sectoral zoning. At other
places in the columnar texture we did not observe significant changes in color or intensity.
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Figure 2.32.: Wing microstructures in columnar texture veins. (A) Overview of
sample OM13-006A. (B) and (C) Intergrowth of quartz (Qz) and calcite (cc). Quartz
grains have developed rational facets (yellow arrows). (D) Transition from columnar
growth into elongate-blocky texture with stretched crystals.
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Figure 2.33.: Cathodoluminescence observations in the columnar texture. Upper and
lower row show same respective area (left PPL, middle CL and right XPL image).
Location is indicated in Figure 2.31. Both scenes shows color contrasts in the CL
image (B) that have sharp edges. The edges are partly bound to grain boundaries but
the bright parts exend across grain boundaries as highlighted by dashed shape overlays.
Note occurrence of quartz in the host rock, adjacent to the vein (lower row).
Blocky texture
The most common microstructure in veins are blocky textures. Blocky textures are found in
almost any type of veins. We can differentiate between blocky calcite crystals that underwent
plastic deformation as indicated by mechanical twinning and strain-free calcite grains that lack
deformation twins. In veins, where both types appear, one can argue that calcites lacking
mechanical twinning formed later, after plastic deformation of earlier calcite (see Figure 2.34).
The same veins show impressive oscillatory, concentric zoning under cathodoluminescence with
the vein center marked by polygonal, non-luminescing parts.
We also observed coarse grained blocky veins containing a massive amount of mechanical twins,
which are deformed. The twins are folded and kinked (see Figure 2.35). Cathodoluminescence
observations show that old deformed calcites have been fractured (see Figure 2.36)).
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Figure 2.34.: (A) Classic blocky texture developed in a vein hosted in coarse grained
grainstones consisting of micritized peloids and diagenetic inter-particle cements. In
the center of the vein a main healing interface can be seen. (B) Locally calcite crys-
tals with mechanical twins show overgrowth indicating reactivation and vein growth –
postdating the plastic deformation of the crystals. (C) CL image. The outlines of B are
draped on the respective position. Note the oscillatory zoning of calcites. The center of
the vein is indicated by black, non-fluorescent calcites. The zoning is not aligned with
grain boundaries.
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Figure 2.35.: (A) Columnar texture vein (low angle to vein) crosscutting a coarse-
grained blocky vein (note partly kinked and folded mechanical twins). (B) A blocky
texture vein with few mechanical twins is intersecting a coarse grained calcite vein with
abundant mechanical twins that are partly kinked and folded.
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Figure 2.36.: (A) A blocky calcite vein with a highly variable grain size contains
grains with partly kinked and folded mechanical twins. (B) Detail of A. (C) CL image
of (B) showing new sealed fractures (bright orange color) that cross cut old vein calcite
(dark orange) and host rock inclusions (dark bands).
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Blocky Calcite-Quartz texture
Bedding confined veins hosted in fine grained, carbonate-rich beds of the alternating beds (Corg-
rich and CaCO3-rich) in the sequence III-4 of the Natih B member are consistently showing
blocky textures with both quartz and calcite crystals (see Figure 2.37). Euhedral quartz crystals
are usually found in the center of the vein, while blocky, anhedral calcite crystals show a syntaxial
growth competition texture and form the outer vein rims. The quartz crystals often show solid
calcite inclusions in the crystal center (see Figure 2.37). At the vein tip the microstructure
changes into elongate-blocky texture (see also chapter section 2.4.3) and the vein splits up into
a multitude of microveins (see Figure 2.37). Adjacent to the veins, outside in the host rock,
small, euhedral quartz crystals are found that are clearly bound to the veins. This observation
is comparable to observations made in veins composed of the columnar texture (see chapter
section 2.4.3 and see Figure 2.31). The calcite crystals are generally lacking deformation twins.
The outer rims of the vein show an orange luminosity that is brighter as compared to the
center (see Figures 2.38 & 2.39). The (calcite-filled) center shows a homogeneous dark-orange
luminescence. The quartz crystals do not show any luminescence (see Figure 2.38).
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Figure 2.37.: (Continued on the following page.)
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(facing page) Figure 2.37.: (A) Blocky vein consisting of euhedral quartz in the
center and anhedral calcite crystals that show growth competition textures from both
vein walls towards the vein center. (B) The tip of the vein (highlighted by yellow
dashed line) shown in A in PPL mode. The vein splits into hundreds of microveins.
(C) Blocky, quartz crystals fill the entire central part of the vein. The outer rims
consist of calcite grains that are usually lacking deformation twins.
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Figure 2.38.: CL image of the same excerpt as shown in Figure 2.37A. Euhedral
quartz crystals appear black within (orange) luminescent calcite of the vein. Note the
abundant quartz in the host rock on both sides of the vein and calcite inclusions within
the quartz crystals. See also Figure 2.39.
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Figure 2.39.: (Continued on the following page.)
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(facing page) Figure 2.39.: Compilation of different CL images showing the inter-
growth of quartz and calcite in blocky veins. At two intersections with fossil fragments
(i.e oyster shells; yellow arrows) the vein itself is completely sealed with calcite. B)
Calcite bridging both vein sides are also found at places lacking any fossil fragments
or carbonate particles.) C) Close-up view of B.
Elongate-blocky texture
Classic elongate-blocky textures are frequently observed in several vein generations. In many
veins stretched crystals are mainly forming the texture. Some veins consist entirely of elongated
crystals that connect both vein walls. A well developed shape-preferred-orientation vertical to
the vein wall can be observed. Figure 2.40 shows classic elongate-blocky textures developed
in veins of the Natih Formation at the Ghul Pavement. Host rock inclusions are a common
feature within this type of microstructure. The analysis with cathodoluminescence of elongate-
blocky textures show little variation in luminescence. A continuous, red-orange luminescence
of moderate intensity is generally observed in those textures (see Figure 2.41). It is commonly
seen (especially in CL), that carbonate particles larger than micrite grains are stretched and
thus epitaxially overgrown (see Figure 2.41).
Elongate-blocky shear veins
The microstructure is very similar to the previous one (section 2.4.3). The most significant
difference is, that the long axis of elongate-shape calcite crystals are sub-parallel to to the vein
orientation (see Figure 2.42). Veins showing this microstructure were found in outcrops of the
Natih formation (Ghul Pavement, Sundown Pavement). A shape-preferred-orientation is not as
well developed as in the previous texture, but the majority of grains are oriented parallel or at
low angle to the vein. The elongate shape can be observed both in sections parallel and vertical
to bedding. The grain size is independent on the proximity to the vein walls.
Large grains are commonly connected to the vein wall, but they are not connected to the other
side of the vein (see Figure 2.42). In thin sections parallel to the bedding we observed a thin
band consisting of host-rock inclusions and small-sized columnar crystals (see Figure 2.42A).
In thin sections vertical to bedding thick, brick-like host rock inclusions are observed. Vertical
to bedding, vein tips were observed as sharp edges (Figure 2.42B), while tip splays consisting
of up to hundreds of microveins were observed in the horizontal vein terminations - parallel to
bedding. The vein texture close to the tip is similar to the texture described in section 2.4.3.
The vein close to the tip consists of a crack-seal, stretched crystal, elongate-blocky texture.
In some veins the calcite is deformed as indicated by mechanical twins. In other veins the calcite
crystals are not featuring mechanical twinning.
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Figure 2.40.: (A) Typical elongate blocky texture developed in calcite veins hosted in
coarse grained grainstones consisting of micritized peloids and diagenetic inter-particle
cements. (B) Carbonate particles are commonly stretched. The host rock appears as
(micritised peloids) and diagenetic cements that filled the inter-particle porosity prior
to vein formation.
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Figure 2.41.: Comparison of cathodoluminescence analysis with optical microscopy
in elongate blocky vein textures. The images in the left and right column show the
same excerpt in PPL, CL and XPL (top-down). White dashed lines connect equivalent
grain boundaries between the micrographs. Within the left part of the elongate blocky
vein there is limited variation in luminescence color and intensity.
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Figure 2.42.: Elongate blocky texture tracking shear vein opening. (A) Elongate
calcite crystals with long axis oriented at low angle to the vein. Some crystals are
getting larger towards the vein host-rock interface (parallel to bedding). (B) Same vein
but vertical to bedding. White dashed line indicates approximate location of section
shown in (A). (C) Example of elongate blocky texture, where calcites lack deformation
twins; vertical to bedding.
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Elongate blocky growth competition in a fault jog
The microstructure of the banded calcite fill of a dilatant jog is a textbook example of an
elongate-blocky texture indicating growth competition into a fluid filled void (see Figure 2.43).
The dark bands that can be seen in outcrop are small solid inclusions that are concentrated in
growth bands.
A
B
2 mmOM11-005
Figure 2.43.: Classic elongate-blocky, free growth texture developed in a calcite filled
dilatant fault jog. Note the growth bands (yellow dashed line) that are made up of solid
inclusions.
Laminated veins
Classic textbook textures of laminated (or ’striped’) veins are found in both oblique-slip fault
veins and bedding parallel shear veins. The laminae’s thickness can vary between less than
1 mm and several millimeters. Laminae usually consist of single crystals, whose lateral extent -
parallel to the vein- exceed the laminae’s extent - vertical to the vein- in order of magnitudes.
The laminae boundaries do not always represent a simple grain boundary between the single
crystals. The boundaries may incorporate host rock material as well as thin layers of blocky
calcite. Within the laminae parallel host rock inclusion bands are frequently observed that
are oriented at high angle to the laminae’s orientation. Figure 2.44 shows an example of this
microstructure that is best studied in plane polarized light. The host rock inclusion bands are
usually extending across the entire width of each lamina, but they are not found to extend
beyond a lamina (cf. Koehn and Passchier (2000); Passchier and Trouw (2005, chap. 6.2.5)).
It is generally observed that the lateral extent of laminae - parallel to the vein orientation - is
limited. Laminated parts of the veins are found terminated by parts that are lacking laminae.
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The latter usually consist of few, but coarsely grained calcite crystals that may fill the entire vein
width. A common observation in laminated veins is that calcite crystals show mechanical twins.
Under cathodoluminescence the laminated veins show a weak, but heterogeneous, brown-orange
luminescence. Patches of bright, yellow orange luminosity that stretch across grain boundaries
are present. Between laminae in bedding parallel veins concentric zoning in single crystals is
observed (see Figure 2.45). This zoning indicates growth competition into an open void. The
growth direction was perpendicular to the laminae orientation.
ppl
500 μmOM12-008B
Figure 2.44.: A set of laminae within a bedding parallel shear vein. The boundaries
between laminae are indicated by red arrows. It is commonly observed that laminae are
consisting of just one single crystal hosting parallelly arranged solid inclusion bands
(highlighted by yellow arrows).
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Figure 2.45.: Cathodoluminescence analysis of a laminated bedding parallel vein. (A)
Millimeter-sized laminae in crossed polarized light. The edge of the polished thin section
is in the upper left corner. Note blocky texture towards the vein center in the direction
of the lower right corner, respectively. (B) Cathodoluminescence image of same excerpt
as A. Note bright, yellow orange patches in the blocky domain that stretch across grain
boundaries. The luminosity of the blocky vein part is generally brighter compared to
the laminated domain. (C) Same excerpt as (A) and (B) but in plane-polarized light.
Inclusion trails along the boundaries between laminae are best seen in PPL. (D & E)
Concentric CL zonation indication growth competition into open space.
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Blocky-neighbor texture
The ’blocky-neighbor texture’ is abundantly observed in microveins that show maximum open-
ing widths of less than 50 µm (see Figure 2.46). In these veins it is common that single crystals
fill the entire vein are observed connecting both vein-host rock interfaces. The single crystal’s
vein lateral extends are up to ten times larger than the vein’s opening width (see Figure 2.46).
The veins are usually developed in fine-grained limestones (mudstones, sometimes with dispersed
bioclasts). Accordingly it is observed that each blocky single crystal has two neighbors.
It is frequently observed that single crystal bioclasts are seen to continue into the vein as sug-
gested by the same birefringence colors and extinction behaviour (see Figure 2.47). Within the
same thin sections we found microveins showing a variation of this texture as seen in Figure
2.46C. The same kind of single crystals with a large vein lateral extend are present as well. At
both vein-host rock interfaces equally sized calcite crystals have grown into the center of the vein
and thus present a vein rim that is shielding-off the large single crystal that fill approximately
90 % of the vein with respect to the aperture (see Figure 2.46).
Blurry veins – Neptunian dikes
The texture appears blurry in plane polarized light as a result of highly variable grain sizes and
overlap of several grains. The veins are composed of approximately 50 % host rock grains and
50 % cement grains. Blurry veins are hardly to be recognized in outcrop and even in polished
hand specimens. Therefore it is difficult to obtain orientation and relation to tectonic phase
respectively. The texture is best recognised in polished ultra-thin sections (Figure 2.48). Blurry
veins are always crosscut or reactivated by other veins and formed vein early. It appears as a
combination of fracture sealing by crystal growth and contemporaneous sediment infill (Flu¨gel,
2004, chapter 5.3). The origin of the fissures remain unclear. According to Flu¨gel (2004) it
can be of tectonic, depositional or synsedimentary origin. As the veins have sharp and straight
boundaries, we exclude a depositional origin (i.e. cavities formed by reef building organisms).
We interpret this texture to have developed in open, submarine fractures or fissures at the surface
of semi-consolidated sediment representing a hybrid between a vein and a neptunian dike.
Occurence of Saddle Dolomite and Fluorite
We observed ferroan Saddle Dolomite with classic radiaxial extinction under cross-polarized
light in association with Fluorite (see Figure 2.49) in thin sections of calcite filled, oblique-slip
Phase IV-b faults in Wadi Nakhr (locality #9). Both minerals were analysed with EDX and both
minerals are indicators for hydrothermal fluid flow (Radke and Mathis, 1980). The occurrence
of ferroan Dolomite is also suggested by blue staining from treatment combined Alizarin Red-S
(ARS) and Potassium Ferricyanide (KFC) hydrochloric acid solution (HCl) (see Figure 2.6).
Saddle dolomite and fault related dolostone have been reported from carbonates in the Oman
Mountains before in the Jurassic Sahtan group in Wadi Mistal at the northern flank of the Jebel
Ahkdar Anticline (i.e. Vandeginste and John, 2012).
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A
B
100 µm
100 µm
OM12-HaS-01
OM12-HaS-01
Figure 2.47.: Epitaxially grown vein crystals in blocky-neighbor texture veins (yellow dashed
lines indicate approximate trace of vein-host rock interface). (A) A large single crystal carbonate
grain (with mech. twins) in lateral, optical continuity with a vein filling crystal. The lacking
mechanical twins in the vein crystal suggest that the carbonate particle was deformed prior to
vein formation. (B) Same epitaxial growth as shown in (A). At a Y-junction the vein crystal
can be followed into both vein segments.
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A
OM12-024 OM12-024
B
C
C D
D
1 mm
300 µm 300 µm
1 mm
Figure 2.48.: Blurry veins. (A) PPL and (B) XPL+λmicrographs. Blurry vein is
reactivated by later blocky vein (yellow arrows) and crosscut by microveins (red arrows).
The blurry vein appears generally darker as the later vein. (B & C) Detail of (A) and
(B) respectively. Note reactivated blocky part on the right side of the vein (separated
by dashed lines). Thin section parallel to bedding.
Euhedral FeO-crystals in Fault gouge
We observed euhedral FeO-crystals in fault gouge of Phase IV-b normal faults in the Hayl al
Shaz area and in plastically deformed Phase III-a bedding confined veins. The crystals show
always six well-developed facets with constant angles. They appear black under crossed-polarized
transmitted light (see Figure 2.50). This indicates that the crystals are optically isotropic. They
show a brown-red color under crossed-polarized reflected light and their size varies between 10µm
and 100 µm in diameter. In thin section an internal, concentric pattern can be observed that
is also apparent if studied with SEM and EDX respectively (see Figure 2.50). The pattern
might reflect the incorporation of foreign material during growth of the crystals. As the thin
sections are carbon-coated, we cannot take the carbon signal into account. Thus is remains
unclear wether the crystals are also containing carbon. Thus we cannot argue for or exclude
the presence of siderite (FeCO3). For further, future investigation we dissolve large parts of the
sample OM12-34 in acetic acid and hand-picked about 50 single crystals after 3 stage sieving.
The brownish-red colored crystals have a pentagonal dodecahedron habitus.
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A
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OM12-010b
Figure 2.49.: Saddle dolomite and fluorite in faults. (A) Thin section overview. The dolomite
show radiaxial extinction; XPL. (B) SEM-BSE image showing a fluorite grain within the calcite-
dolomite matrix. (C) Fluorite (remanent blue luminescence), adjacent calcites (orange) and
Saddle dolomites in CL. (D, E & F) EDX maps showing distribution of calcium, magnesium
and fluorine.
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50 µm50 µm
A B
D
E
F
C
10 µm
OM12-034A
OM12-034B OM12-034B
Figure 2.50.: Optically isotropic, euhedral (6 facets) FeO-crystals in calcite fault
gouge. (A) XPL image of two FeO-crystals in transmitted light. The crystals are
optically isotropic and appear black. (B) XPL image of the same excerpt shown in
(A) under reflected light. Each crystal has nicely developed six facets. (C) SEM (BSE)
image showing a smaller FeO-crystal than in (A & B). (D, E & F) EDX maps showing
distribution of iron, oxygen and calcium.
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2.4.4. Microstructural domains vs. tectonic phases
We have compiled a dataset showing which microstructural textures (see Figure 2.51) or do-
mains are occuring in the previously defined tectonic phases (see subsection 2.4.1). The dataset
is presented in Figure 2.52. In the leftmost columns microstructural domains are listed in lines
against tectonic phases and respective vein generations appearing in column. The phases I-a
(low angle veins), II (N-S striking high aperture veins) and III-e (strain fringes) were not char-
acterized. The list of microstructural domains is sorted by firstly general texture classification
(blocky vs columnar texture or elongate-blocky). This is followed by the occurrence of plastic
deformation in vein calcite and mineral composition.
A B C
D
E F
Qz Qzcc
Figure 2.51.: Schematic drawings of six main vein textures observed. (A) Elongate-
blocky syntaxial. (B) Block texture, sometimes with euhedral quartz. (C) Columnar
texture. (D) Blocky neighbor texture. (E) Elongate-blocky stretched vein. (F) Lamin-
ated shear vein with host rock inclusions indicating shear sense.
Occurrence of microstructural domains in tectonic phases
This section summarizes the data presented in Figurer 2.52 in the perspective from the previ-
ously defined microstructural domains. It likewise describes in which tectonic phase a specific
microstructural domain has been observed. The order is the same as shown in Figure 2.52 from
top to bottom.
The columnar texture can be found in some veins of Phases III-a and III-b as well as in
Phases IV-b and V. All Phase III-d veins have a columnar texture. Blocky textures are ubiquit-
ously observed in veins almost any tectonic phase. By definition we exclude bedding parallel
veins (Phases 0 and IV-a) as they have a laminated texture. Elongate shaped, stretched crystals
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are observed in many veins, often in vein tips (Phases III-a, III-d), but some veins are entirely
stretched (Phase III-b). Elongate-blocky, growth competition textures (into open space) are ob-
served in samples of Phases IV-b, V and VI. The blocky-neighbor texture is difficult to assign to
tectonic phases as the orientation of microveins is often limited to their intersection linear with
the thin section orientation. But we can confirm the presence of the blocky-neighbor texture in
microveins of Phases III-a, III-c, III,d, V and VII. Calcites that are mechanically twinned can
be found in almost every vein and tectonic phase respectively – with the exception of Phases VI
and VII veins. Some Phase V veins contain twinned calcite, while some show very weak twin-
ning overprinting. A few Blocky quartz-calcite veins of Phase III-a as well as a few Phase III-b
are lacking mechanical twins. Mechanical twins are observed being folded and/or kinked in
Phase 0 (top-toNNE), IV and V vein calcites. Euhedral vein bound quartz crystals are fre-
quently found in veins of Phases III-a and III-d. Saddle dolomite, fluorite and FeO-crystals was
exclusively observed in Phase IV-b faults. A single sample of Phase III-a contained FeO crystals
as well. Deformed, cemented gouges consisting mainly of calcite are exclusively found in faults
of Phases IV-b, V, VI. Deformation includes, plastic deformation (e.g., twinning), cataclasis
(broken grains) and pressure solution.
Characterization of tectonic phases by microstructures
Likewise to the previous section, this section summarizes the data presented in Figurer 2.52 in
the perspective from the previously defined tectonic phases. It describes the occurrence of mi-
crostructural domains in veins or faults of the tectonic phases. The order is the same as shown
in Figure 2.52 from left to right. Note: Phases I-a, II and III-e were not characterised.
Bedding parallel veins of Phase 0 are laminated veins, while crystals in few top-to-South veins
are found being stretched. The calcite in top-to-Northnortheast bedding parallel veins is usu-
ally found being kinked and/or folded. Phase I veins are always contain blocky, mechanically
twinned calcite. Stretched crystals are occasionally found. Phase III-a veins have a variable mi-
crostructure including columnar, blocky, stretched crystals and blocky-neighbor textures. While
vein-bound quartz is frequently found the presence of mechanical twins is only observed in veins
that are not filled by a blocky calcite-quartz texture. Phase III-b veins have a lower microstruc-
tural variability. Phase III-c vein are exclusively filled by stretched crystals or blocky-neighbor
texture. Phase III-d veins are mostly sealed by columnar calcite. The tips are found being
stretched. Parallel microveins show blocky-neighbor textures. The bedding parallel veins of
Phase IV-a are laminated calcite veins comprising kinked and folded mechanical twins. Veins
and faults of Phase IV-b contain almost every vein filling texture, plastic deformation features
and minerals with the exception of the blocky neighbor texture, blocky calcite-quartz texture
and vein-bound quartz. Faults of Phase V have equally variable microstructural domains as
textures. While a laminated texture was not observed, Phase V microveins are filled by blocky-
neighbor texture. The occurrence of plastically deformed calcite is ambiguous in Phase V faults
and associated veins. Microstructures of Phase VI are dominated by blocky, stretched crystals,
and growth competition textures. Phase VII veins are always blocky. Parallel microveins have
a blocky-neighbor texture.
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2.5. Discussion
2.5.1. Simultaneous development of growth competition and crack seal textures
At microscale Phase III-a and Phase III-d veins feature massive tip splays incorporating hun-
dreds of tiny microveins at their tip - giving compelling evidence for crack-seal vein growth (see
Figures 2.31, 2.32 & 2.37). Each tip-microvein has an opening width at µm scale. Away from
the tip towards the central part of those veins we observed microfabrics that indicate crystal
growth into open space. This involved elongate-blocky growth competition textures as well
as the columnar texture. Therefore it can be assumed that crack events occurred during the
fracture sealing process - before the entire fracture was sealed. With commencement of each
crack event the fracture was sealed at its tip, while towards (in-plane) in the center - crystals
continuously grow into open space. Their growth rate did not keep up to the opening rate
(see Figure 2.53). This process can allow the contemporaneous development of crack-seal vein
growth as well as growth competition leading to elongate-blocky fabric or to columnar texture
with columnar calcites growing into the open fracture.
Both vein types have grown exclusively by vein widening – parallel to the vein orientation.
This maybe explained by the fact that both types of veins were (1) vertically confined to their
limestone bed (Figures 2.25, 2.26B) or (2) they were laterally (horizontally) confined to diagenet-
ically altered concretions (see Figure 2.15). Therefore each crack was arrested and the veins grew
wider, while the strike extent (vertical or horizontal, respectively) remained unchanged.
2.5.2. Variation of vein growth textures - defined by first phase of blocky-neighbor
sealing
The blocky-neighbor texture is defined as a sealing texture of veins with a small aperture. The
texture has been observed in many samples – often as microveins parallel to thicker veins that
have a blocky or elongate blocky microstructure. We think that those microveins can generally
be reactivated and become subject to vein growth. Assumed that vein growth will be governed
by epitaxial growth of the preexisting (blocky-neighbor) vein crystals, we propose the following
scenario:
The final vein texture will be controlled by the opening rate and width, but - more important
just few large crystals will start a growth competition. To achieve a classic growth competition
texture involving winner crystal overgrowing looser crystals – (1) the opening rate needs to be
faster than the growth rate, while (2) additionally the final opening width needs to exceed the
(strike extent) size of the starting crystal. In a crack-seal system and relatively small opening
steps (with respect to the size of the starting crystals) a growth competition texture is unlikely
to form. Instead we expect a stretched vein texture under given conditions.
Accordingly, growth of veins having started out having a blocky vein texture are most likely to
form different growth textures as proposed by the literature (cf. Bons, 2001, 2000; Bons et al.,
2012; Nollet et al., 2005b). This is mostly contributed to the fact that there is not a multitude
of crystal nuclei, which are subject to growth competition. The vein growth is largely governed
by the growth of few, comparably large crystals which will be stretched by crack seal. They will
only start a growth competition when growing into large open voids (see Figure 2.54). This could
be the explanation for really large calcite crystals in veins, as these are frequently observed (see
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Sealing by growth competition
1st crack
1st sealing
2nd crack
2nd sealing
3rd crack
3rd sealing
growth into
open space
stretched crystals
crack-seal
tip-splay
crack-seal
1 2 3
Figure 2.53.: Schematic illustration of vein growth at a fracture/vein tip. Each crack
event is followed by a subsequent stage of partial, syntaxial sealing. New cracks form
prior to closure of the entire fracture - keeping the fracture open in its central part.
The vein widens perpendicular to its planar shape, but does not grow laterally. This
results in three microstructural domains: 1) growth into open space in the central part
with lack of crack-seal, 2) stretched crystals in the vein tip and 3) crack-seal formation
of a tip splay involving formation of solitary microveins.
112
Vein and fault microstructures - Oman Mountains
A B
Figure 2.54.: Schematic illustration of vein growth. Starting geometry of vein in
(A) and (B) is blocky-neighbor (initial sealing is indicated by a white dashed line).
Sketch A shows vein growth with a single, large opening increment. Sketch B shows
the development of a stretched vein by multiple small opening increments.
Figure 2.55A). In case of a growth competition the starting crystals are up to several magnitudes
larger than the host-rock micrite crystals. If the opening trajectory of antitaxial or unitaxial
veins is oblique, the blocky-neighbor texture is changed into a stretched vein texture roughly
tracking the opening trajectory (Figure 2.55B). Finally we propose that blocky-neighbor veins
need to grow to very large extends for developing a fibrous texture according to the literature
(Bons, 2001, 2000; Bons et al., 2012; Nollet et al., 2005b).
2.5.3. Capacity of host rock inclusions to omit epitaxial growth
We have observed host rock inclusions in various types of veins and veins of different growth
textures. Observed in detail, host rock inclusions seem to form a discontinuous boundary that
separates two parts of the same crystal. In the plane of the thin section the two crystal parts are
not connected to each other. Host rock inclusions are incorporated into a vein, if the trajectory
of a new fracture generally follows the vein-host rock interface, while intermittently deviating
into the host rock (see Stage 2 in Figures 2.56, 2.57A and cf. Holland and Urai, 2010; Hilgers
and Urai, 2005). In thin section it can appear that a host rock inclusion must have shielded the
crystal, because its strike extend exceeds the strike extend of the crystal. But in the younger
part of the vein, the same crystal is observed. The observed shielding capacity is only ’valid’ for
the thin section plane. The 3D morphology of the host rock sliver is unknown. The fact that the
crystal appears on both sides of the crystal can be taken into account that the host rock sliver
did not shield the entire crystal in 3D - out of plane of the thin section. Figure 2.57B shows
a 3D sketch with a perspective view on a vein-host rock interface. A new fracture has opened
perfectly along the interface but leaving a single host rock sliver patch (HRS) sticking to the
vein crystals. From this perspective it becomes clear that none of the vein crystals is entirely
shielded from the fracture and a vein forming fluid respectively. Thus all crystals will grow
epitaxially into the new fracture. The HRS becomes a host rock inclusion (HRI). If a crystal is
not completely shielded from the new fracture it has always the potential to grow laterally into
the new fracture, around the host rock sliver. Fracture path and the shape of host rock slivers
respectively are not as simple as illustrated in Figure 2.57B. We can consider HRS in form of
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OM12-024b
Phase V
OM12-041Dhor
Phase IV-b
A B
1 1
2 2
3 3
1 mm 300 µm
Figure 2.55.: Schematic, three-staged illustration of vein growth. The initial vein in
(A) consists of two domains, elongate-blocky and blocky-neighbor. Stage (2) illustrates
final fabric after syntaxial sealing of a fracture. Old domain boundary indicated by
white dashed line. Case (B) illustrates unitaxial vein growth with a elongate-block vein
as initial vein filling. Growth steps indicated by white lines, black arrows indicate
opening vectors.
very irregular shapes. HRS can have holes and a singe HRS can have the shape of a mesh.
2.5.4. Composite-growth in blocky veins
Some blocky veins of Phase VI appear as syntaxial veins with increasing grain sizes towards the
vein center and a clearly observable, central sealing interface (see Figure 2.34). Additionally, CL
zonations indicate that crystal grew towards the vein center. In contrast to this, we observed
epitaxial overgrowth on calcite grains with mechanical twins in central parts of blocky calcite
veins. Away from the vein center vein calcites lack mechanical twins. The overgrowths are seen
in both outward directions from the vein center (see Figure 2.34). Despite the – this clearly
indicates that the central part of the vein must be the oldest part of the vein. Therefore the
growth kinematics must be of composite nature. The first vein has been deformed after its
formation. The vein must have been reactivated along the vein-host rock interface on both
sides. The new fractures have been filled by both epitaxially growing first phase calcite as well
as by crystals growing towards the first phase crystals from the host rock.
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A B
1
open fracture
1
HI HI
open fracture
2 2
3 3
OM12-031a (Phase III-a)
1 mm
Figure 2.56.: Schematic illustration of vein growth. Starting geometry of vein in
(A) and (B) is blocky-neighbor. Stage (2) illustrates new crack event opening along
the vein-host rock interface. Note the fracture path is rough, as it opens not perfectly
along the interface leaving host rock slivers sticking to the vein crystals. Note the strike
extend as well as the length of the host rock slivers is different in (A) and (B). Stage (3)
shows final fabric after unitaxial sealing of the new fracture. Below: Microstructure
developed by unitaxial crack-seal growth as shown in (A) and (B).
2.5.5. Vein formation at shallow burial depth
The columnar crystal shape in Phase III-b and Phase III-d veins is a unique feature in the study
area. Flu¨gel (2004) describes two types of carbonate cement minerals that show a similar shape.
The first type is termed ’bladed calcite’ that usually forms as High-Mg calcite. The second type
is acicular aragonite. During diagenesis aragonite is usually replaced by calcite (i.e. neomorph
or pseudomorph; cf. Davies, 1977). According to Flu¨gel (2004, and references therein) both
cement types grow in the marine-phreatic zone that is abundant in shallow-marine settings. The
marine phreatic zones means very shallow depth below the sea floor. Pores are filled with marine
water that usually is CaCO3 oversaturated. In shallow marine settings aragonite and Mg-calcite
cementation can be very rapid due to the inverse solubility of calcite with increasing temperature
Flu¨gel (2004, and references therein). We therefore need to consider that Phase III-b as well as
Phase III-d veins have formed at very shallow burial depths. However this could explain, why
Phase III-d veins are confined to patches (diagenetic concretions - see also subsection 2.5.1),
while other, later veins are not confined to these patches (see Figure 2.15). While the patches
have been solidified by early diagenesis causing brittle deformation, the remaining limestone had
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A B
1
open fracture
2
3
HRS
HRI
Figure 2.57.: Epitaxial growth of vein a vein crystal beyond a ’shielding’ host rock sliver (HRS).
Figure (A) illustrates the subsequent sealing of a new fracture and the incorporation of a host
rock inclusion (HRI). Figure (B) shows 3D-perspective side view on a hypothetic vein-fracture
interface. Colored polygons represent vein crystals. Note the host rock sliver (HRS) does not
cover the blue crystal completely. The crystal can still grow over the top of the HRS into the
new fracture as indicated by the black arrow. White dashed line indicates plane orientation of
model shown in (A) (or a possible thin section orientation respectively; cf. Figure 2.56).
a ductile rheology. Eventually the entire limestone was solidified and later fractures crosscut the
boundary between the boudinaged patches and the surrounding limestone.
2.5.6. Fault-controlled fluid flow and material transport at large burial depth
Saddle dolomite has been found associated with minor fluorite grains in dilatant fault fills of
oblique-slip Phase-IV-b veins. The faults are displacing rocks of the Lower Cretaceous Salil
Formation. The Salil Formation is equivalent to member 2 of the Kahmah group. Its strati-
graphic position is close to the base of the studied stratigraphic column. The observed minerals
are indicators for the ingress of hydrothermal fluids percolating through the faults. The fluid
origin is most likely found in the stratigraphy below the Salil Formation. In other Phase IV-b
faults we frequently observed FeO crystals that always show six well-developed facets. The FeO-
crystals have a pentagonal dodecahedron habitus , which is neither realized by hematite (platy
habitus), nor ghoetite (acicular, botroydoal habitus) or siderite (tabular habitus). Pentagonal
dodecahedrons are usually developed by minerals with a cubic crystal symmetry. It is therefore
suggested that the FeO crystals represent a hematite, ghoetite or siderite pseudomorph after
pyrite for example. Pyrite is known to form in deeply buried carbonates (Nova´kova´ et al., 2010;
Burkhard and Kerrich, 1988). However the conditions and the processes causing the replacement
of pyrite by e.g., hematite remain unclear.
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2.5.7. Exhumation of the buried carbonate platform
We use the occurrence of plastically deformed calcite to track the burial and exhumation his-
tory of the exposed carbonates in the study area. In general all early veins are composed of
mechanically twinned calcite. Veins of Phase V show a weaker overprinting and some veins are
totally lacking mechanical twins. It is interpreted that Phase V represents the transition from
deep to shallow burial conditions. Late veins finally formed at shallow burial depths, where in-
situ stresses did not exceed the magnitudes to deform the calcites precipitated during Phase VI
and Phase VII. Some early, Phase III-a and III-b veins that are filled by calcite-quartz blocky
textures also lack mechanical twins. Those veins formed early during the prograde burial of the
autochthon. Therefore the calcites should be deformed. The lack of plastic calcite deformation
can be explained by large quantities of quartz in the veins. The quartz precipitated earlier as
the calcite as clearly indicated by the development of low index rational facets. We observed
that the vein quartz is formed by the epitaxial overgrowth of even earlier diagenetic quartz
occluding primary porosity adjacent to the veins. Additionally quartz crystals from both vein
sides meet in the vein center – forming quartz bridges. Therefore, an interconnected ’network’ of
quartz crystals might have been able to largely support high differential stresses at deep burial
conditions and ’protecting’ calcite from being mechanically twinned.
2.6. Conclusions
From our field observations at more than 15 field locations we defined eight tectonic phases
(0–VII) in the study area. The interpretation is based on detailed orientation analysis of faults,
veins and en-echelon vein sets as well as burial and tectonic stylolites. Our database furthermore
contains crosscutting relationships of those structures at outcrop scale. This database allowed a
fairly robust correlation of those age relationships across the field area that stretches more than
20 kilometers in NW-SE direction and almost 10 kilometers in NE-SW direction (see Figure
2.8).
In more than 80 thin sections - correlated to their respective tectonic phase - we identified six
main vein microstructural domains. Two out of the six vein microstructures haven’t yet been
reported in the vein literature for calcite veins in limestones or carbonates.
The first texture – vein filling by columnar calcite crystals – must not be confused with grown
fibers as seen in antitaxial veins. Microstructural analysis showed clear evidence for the free
growth of the columnar calcites into open space. The columnar calcite might be pseudomorph
after acicular aragonite or they have formed as High-Mg calcites known as bladed calcite (chapter
7.4 in Flu¨gel, 2004, and references therein). Both carbonate minerals are know indicator for
fracture cementation at very shallow depth, in the marine-phreatic zone (Flu¨gel, 2004, and
references therein).
The second - yet undescribed - microstructure is the blocky-neighbor texture which is at odds
with any theory on the sealing of fractures in limestones by calcite. Instead of a classic growth
competition texture, the veins are filled by large, single crystals that connect both vein-host
rock interfaces along a distance exceeding the vein aperture up to ten times. Accordingly, each
vein filling crystal has two neighbors, while the crystal shape is predefined by the fracture walls
and the mutual grain boundaries with the respective neighboring crystal.
Based on detailed microstructural analysis we compiled a matrix showing what mi-
crostructural domains are found in samples of the tectonic phases and vice versa
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(Figure 2.52). From the chart some relationships became obvious and are inter-
preted as follows:
• The formation of classic elongate blocky textures caused by growth competition into open
voids is restricted to veins and/or faults of late tectonic phases (IV-b – VI).
• As the columnar texture is found in some Phase III-a, Phase III-b (NW-SE striking veins
at high angle to bedding and their sinistral reactivation) and Phase III-d veins (NW-
SE boudinage related veins) it needs to be considered that those formed at very shallow
depths. This is supported by the fact that most of the samples containing the columnar
texture are from veins that are hosted in the upper members of the Natih Formation which
is the uppermost formation of the autochthon.
Especially Phase III-d veins but also some Phase III-a veins are formed by boudinage.
This indicates a different rheology of the vein hosting beds (brittle) and the lithologies
above and below the vein hosting beds (ductile). It is possible that those veins formed
at shallow depth, were differential diagenesis led to consolidation and embrittlement of
CaCO3 layers. Accordingly the stress at field shallow burial depth would be a wrenching
regime (horizontal σ1 in NW-SE direction; σ2 equals σv) to form fractures that are at high
angle to bedding.
• Phase III-d columnar texture veins are even more special, because vein-bound quartz is
frequently found; euhedral quartz is concentrated along the veins, outboard within the
immediate limestone host rock. It is interpreted that the quartz has occluded matrix
porosity adjacent to early open fractures that were subsequently reactivated and mainly
filled by calcite. The same ’quartz lining’ is also observed in Phase III-a, bedding confined
veins. These veins are usually filled by large, blocky quartz grains that developed rational
facets. The remaining fracture porosity was filled by blocky calcite. The presence of large
quartz bridges in those vein most likely omitted the formation of mechanical twins in the
vein calcite.
• The formation of a laminated texture is restricted to shear veins and faults. The develop-
ment of the laminated texture seems to be controlled by the fracture mode. We propose
that the texture will not form in veins caused by extension fractures (open mode I). Thus
the final vein aperture does not reflect an opening perpendicular to the vein orientation.
• Indicators for the circulation of hot, hydrothermal fluids are found in Phase IV-b faults
at a deep stratigraphic position. The occurrence of saddle dolomite and fluorite might
indicate the ingress of hydrothermal fluids originated deeper in the stratigraphy.
• With the exception of few veins in Phases III-a and III-b all vein calcites are plastically
deformed as shown by mechanical twins, which are sometimes found being kinked or even
folded. Late veins (Phases VI and VII) are all lacking mechanical twinning. As there is
an ambiguity of mechanical twinning observed in Phase V, it is proposed that during or
shortly after Phase V differential stresses and temperatures decreased below the critical
values to form mechanical twins in calcite (Burkhard, 1993).
For the development of columnar texture veins and other veins we suggest a simple model
explaining the contemporaneous development of growth competition textures at the vein center,
stretched crystals at the veins tip and the formation of tip splays. We propose that those veins
are rapidly sealed in the tip and reactivated prior to sealing of the remaining parts of the vein.
Therefore existing crystal bridges as well as the crystals in the sealed tip are stretched, while
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other crystals in the vein center are still growing into open space. The veins usually have a
low length to width ratio. During vein growth the veins grew thicker, but they did not become
longer along their strike extend.
We interpret that the blocky-neighbor texture represent the initial first sealing stage in some
vein types. Accordingly, antitaxial veins can develop huge crystals that have grown outwards
the vein – eventually growing against large surface areas of the fracture wall. Generally - the
large crystal sizes observed in many veins can be contributed to the initial ’blocky-neighbor’
texture. The start setup of any vein growth is basically set to another level of grain sizes.
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3. Epitaxial growth of fractured micrite and
vein calcite crystals
3.1. Abstract
We studied a special vein filling texture developed in calcite microveins which are hosted in
fine-grained, exhumed Cretaceous limestone reservoirs on the southern limb of the Jebel Akhdar
anticline in the Oman Mountains. In thin section the vein filling texture is characterized by
grain boundaries that connect the vein-host rock interfaces at high angle. The grain boundaries
are spaced along the vein in distance that largely exceed the total vein aperture (< 50 µ m).
Accordingly single calcite crystals have filled the entire fracture porosity and are found to con-
nect both vein-host rock interfaces. Their tabular shape is controlled by sharp, straight fracture
walls and by formation of a mutual grain boundary with direct crystal neighbors.
We observed epitaxial crystal growth at intersections of microveins with large single crystal car-
bonate particles. Additionally epitaxial growth is frequently observed at intersections of two
microveins forming T- or X-shaped crystals.
Fracture surfaces of broken host rock specimens showed that fracture trajectories are controlled
by composite fracture mechanism. The ratio of transgranular vs. intergranular fractures ap-
peared being very low in specimens that have been heated up to 200°C (hot samples). The
ratio is significantly higher for samples that were broken at room temperature but intergranular
fracture trajectories are dominating (cold samples). The lower ratio in hot samples is explained
by remanent dilatational strain localised at grain boundaries, which is caused by anisotropic
thermal expansion of the calcite. While in hot samples only large carbonate particles are trans-
granularly fractured, µm-sized micrite crystals are crosscut by transgranular fractures in cold
samples as well.
We propose that sealing of microfractures in fine-grained limestones is controlled by epitaxial
overgrowth on freshly broken matrix grains. The number of broken crystals is limited at burial
conditions. Accordingly growth is restricted to a limited number calcite grains that will fill the
entire open fracture by lateral growth.
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3.2. Introduction
3.2.1. Fracture mechanisms
In (cemented) granular materials crack paths can be either transgranular or intergranular (Delenne
et al., 2009; Liu, 2005; Atkinson and Meredith, 1987). While intergranular fractures (IGF) open
along grain boundaries (see Figure 3.1), transgranular fractures (TGF) cut individual grains
(see Figure 3.2). Two opposing grains separated by a mutual grain boundary usually differ in
their crystallographic orientation. In anisotropic materials (i.e. calcite) the different orienta-
tion will lead to elastic incompatibility between the grains. The incompatibility can cause local
stress concentrations at the grain boundary - thus promoting intergranular fracturing. There
is a weak balance between stress that is required to cause a mineral grain to crack (cleave)
and the stress that is required for intergranular fracturing. Subtle changes in temperature,
impurity content, cement mineralogy and rock texture can easily influence this balance. On a
theoretical basis it remains difficult to predict the fracture path (fracture mechanism) (Atkinson
and Meredith, 1987). The dominant fracture mechanism is usually determined by deformation
experiments. The study of carbonate particle rich, crinoidal limestone by Van de Steen et al.
(2002) has shown composite fracture paths (TGF and IGF). The fracture propagation velocity
(also known as crack velocity in the ’fracture mechanics world’) but also the relative strength of
crystal grains and interfacial adhesion (of a grain boundary) determine, whether a crack forms
at the boundaries (IGF) or within an individual crystal grain (TGF) (Hull, 1999; Atkinson,
1987).
Figure 3.1.: Sketch illustrating crack path of a intergranular fracture (IGF). The frac-
ture opens along grain boundaries and individual grains remain intact. Grain bound-
aries have a poor adhesion.
The effective fracture propagation velocity depends on deformation conditions (deformation
rate, 3D-stress field, temperature) as well as material properties (cohesion, young’s modulus)
and geometric effects (intrinsic heterogeneities and anisotropies). It is generally accepted that
high crack propagation velocities promote transgranular fracturing, while low velocities favor
formation of intergranular cracking (Hull, 1999; Atkinson and Meredith, 1987, and references
therein).
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Figure 3.2.: Sketch illustrating crack path of a transgranular fracture. The fracture
cuts individual grains and does not snap to grain boundaries.
3.2.2. Epitaxial crystal growth and vein growth kinetics
If a fracture is filled with a supersaturated fluid that is chemically compatible to the frac-
tured host rock material the broken grains are epitaxially overgrown (also know as syntaxial
overgrowth) in lateral optical continuity (Bons, 2000; Hilgers et al., 2004; Lander et al., 2008;
Laubach et al., 2004b; Cox and Etheridge, 1983). It is generally accepted that crystals at a frac-
ture wall will start a growth competition, growing epitaxially towards the inwards of a fracture,
as this is filled with a supersaturated fluid. Especially in single mineral phase systems (calcite
veins in limestone or quartz veins in sandstone) this process is well described producing syn-
taxial vein fillings (Fisher and Brantley, 1992; Bons, 2000; Bons et al., 2012). In crack-seal veins
the opening width increment (aperture) of each fracturing event will determine the vein growth
morphology of the vein filling (Bons, 2001, 2000; Bons et al., 2012; Fisher and Brantley, 1992;
Nollet et al., 2005b; Passchier and Trouw, 2005; Urai et al., 1991). Small opening increments
will lead to a fibrous growth morphology or the development of stretched crystals, depending
on the localisation of each fracture event. For pure extensional opening fractures (mode I) it is
likely that displaced parts of the same crystal grain will grow together in optical continuity in
the center of the fracture (see Figure 3.3). If the fracture opens with a large opening increment,
this effect might be suppressed, because growth competition will lead to the survival of few large
grains that have overgrown other crystals during the growth competition (Hilgers et al., 2004;
Bons, 2000; Bons et al., 2012; Cox and Etheridge, 1983). Thus the majority of displaced crystal
can not grow together in the centre of the fracture.
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Figure 3.3.: Sketch illustrating epitaxial growth of a fractured single crystal (c-axis
orientation indicated). (A) A transgranular fracture crosscuts the grain and opens in
extensional mode with the aperture a. (B) Subsequent overgrowth on both sides of the
fracture. (C) The fracture is completely sealed and the newly grown cement crystals
have grown together. Both crystals share the same crystal lattice orientation and are
able to perfectly merge together without the formation of a grain boundary.
3.2.3. Growth rates of crystals with rational and non-rational facets
Broken crystal grains present a reactive surface area, while grains that are not broken may not
provide a reactive surface area for supersaturated fluid filling the open fracture. Reactive surface
areas of grains are preferred nuclei for crystal growth, as those areas exist almost entirely of non-
rational facets (Urai et al., 1991). The differential growth rate of fracture cement on rational
versus non-rational facets has been identified as a key process of partial fracture sealing. Surface
areas exposing non-rational facets (fractured vein crystals) are periodically created during every
fracturing event in a crack-seal environment. These surface areas provide preferred nucleaction
surfaces for fracture cement precipitation (epitaxial overgrowth). Thus growth rates on fractured
vein crystals (irrational facets) are higher than on rational crystal facets (Lander et al., 2008;
Gale et al., 2010; Nollet et al., 2006).
3.2.4. Transgranular fractures in calcite - cleavage fractures
Fine grained limestones consists almost entirely of a matrix that is composed of dense, fine-
grained calcite crystals. Those crystals are usually termed ’micrite’, which is the abbreviation of
’microcrystalline calcite’ (Flu¨gel, 2004). Micrite can have different grain sizes and thus different
nomenclatures (Tucker and Wright, 1990; Flu¨gel, 2004, and references therein). In general the
term micrite is used for describing matrix components that are smaller than 62 µm. The origin
of micrite is widely discussed and several processes have been identified. Three main groups
are described. 1) direct deposition of primary micrite (automicrite); 2) secondary formation as
a decomposition of larger particles (allomicrite) and 3) diagenetic cements (pseudomicrite; the
interested reader is referred to chapter 1.4 in Tucker and Wright, 1990 and chapter 4.1 in Flu¨gel,
2004).
The study of Olgaard and Fitz Gerald (1993) showed microstructures of experimentally grown,
synthetic limestones (calcite rocks). The study investigates the evolution of intergranular poros-
ity in fractures during hot isotstatically pressing (HIP). The authors highlight grain boundary
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Figure 3.4.: Calcite. (A) Unit (cleavage) cell of a rhombohedral calcite, a = b =
c,α = β = γ = 101.9°. (B) Calcite with {101¯4} (hkil, Rhombohedron) crystal fom.
(C) Calcite with steps on (101¯4) facet (cleavage planes). (D & E) cross sections
through (C) showing obtuse and acute steps. Angles between cleavage planes are true
angles. Projected angles on the third cleavage plane are 74.9°(acute) and 105.1°(obtuse)
respectively. (F) Cleavage fracture surface of a calcite with acute steps (note different
step sizes). (G) Cleavage fracture surface with irregular facets at separations of acute
steps. Figure compiled from Henriksen et al. (2004); Hull (1999).ed on the following
page.)
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morphology by SEM imaging of post mortem fracture surfaces that are predominantly inter-
granular fractures.
It is important to note here that grain boundaries in micritic limestone do not represent crystal-
lographic facets sensu stricto. It should be more considered that grain boundaries, even though
they can appear as flat and smooth surfaces, are non-rational facets.
Calcite is a very brittle material. It cleaves on three planes (100), (010), (001) along three non-
orthogonal axes (a, b, c; see Figure 3.4). Fracture paths in calcite are predominantly restricted
to cleavage planes. Thus fractures in calcite can be termed ’cleavage fractures’ (Hull, 1999;
Aizenberg, 2006). Secondary cleavage introduced by formation of deformation twins (e-lamellae;
cf. Burkhard, 1993; Passchier and Trouw, 2005; Wenk and Bulakh, 2004) along {011¯8} (hkil,
Miller-Bravais index) may also split up with ease. Calcite can also show conchoidal fracture to-
pography hosting complex fracture features as river lines and irregular terraces. Thus fractures
do not always appear as flat and smooth surfaces (Hull, 1999; Aizenberg, 2006).
Various studies have shown that fresh, clean calcite surfaces are extremely reactive and ideal nuc-
leation surfaces for precipitation from an oversaturated fluid (Harstad and Stipp, 2007; Stipp
et al., 1996, 1994). Therefore: post-fracturing, subsequent grain growth is favored at freshly
broken calcite grains, where the cleavage fracture surface provides effective sites for attaching
Ca+ and CO−3 ions to the crystal lattice. This follows that crystal growth rates at walls of fresh
and open fractures tend to be higher for transgranularly fractured calcite grain surfaces than
for surfaces of intact grains - separated by neighbor grains by intergranular fracturing.
3.2.5. Aims
This study is to document and describe microstructures observed in micro calcite veins and their
intersections. An emphasis is made on the sealing of microfractures in fine-grained, micritic
limestones (blocky-neighbor texture) and the growth of vein filling crystals into new fractures
that have intersected a preexisting vein (T- and X-crystals). As best of our knowledge those
microstructure have not been described yet. The fabric cannot be explained by using recent, con-
ventional hypotheses concerning vein growth. Microveins showing the described microstructure
occur in the entire study area of this thesis. Thus it is necessary to analyse the microstructure
of those veins in detail by application of transmitted light microscopy, SEM and CL. The study
represents a first approach to explain the phenomenon by observations made on fracture surfaces
of broken limestone specimens as well as in thin section.
3.3. Methods
3.3.1. Fracturing of limestone slabs
Selected limestone slabs have ben cut into wafers with a thickness of ≈ 5 mm (see appendix;
Figure C.2). The samples were dried and some have been baked in an oven at 185-200°C for
one hour (later referred to as ’hot’ samples, not heated samples as ’cold’ samples). We used two
pairs of comb pliers to break (hot and cold) wafers mimicking a four point bending test (cf. Pais
and Harvey, 2014). The wafers were broken into rock chips with dimensions of 5 ⋅ 8 ⋅ 8 mm
(width ⋅ length ⋅ height). Accordingly the fracture surfaces have an area size of ≈ 40 square
mm. The broken samples were glued onto SEM sample holders with conducting carbon cement
(PLANO Leit-C) and dried for 48 hours.
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Figure 3.5.: (A) Sample OM12-HaS-01. Red paint markings for cutting into wafers.
(B) Wafers cut from sample OM12-HaS-01
3.3.2. Excursion: Anisotropic thermal expansion of calcite and remanent dilatant
strain
The anisotropic thermal expansion (ATE) of calcite has been extensively studied to investigate
thermal weathering of building materials as concrete, marble as well as limestone. In the past
as well as in modern time limestone and especially marble were popular materials to cover walls
of buildings. Numerous experimental and numerical studies were carried out to explain the
deterioration of marble claddings by thermal weathering (Ferrero et al., 2014, and references
therein). It is a matter of fact that calcite shows an anisotropic thermal expansion. The max-
imum thermal expansion is parallel to the optical axes, while the minimum thermal expansion is
perpendicular to the optical axes (Rayleigh, 1934). Blocks of marble which underwent heating
cycles showed remanent dilatant strain as a result of microcracking (also known as grain deco-
hesion), preferably along grain boundaries. In the study of Royer-Carfagni (1999) it was shown
that self-equilibrated stress states at calcite grain boundaries are a result of thermal treatment.
The changing stress states are causing microstructural strain by initiating and propagating frac-
tures along grain boundaries (intergranular fractures).
We made use of the effect of anisotropic thermal expansion by heating our limestone specimens
prior to fracturing. In a first attempt we heated the samples for two hours to yield a temperature
between 185°C and 200°C. That was done for two reasons. Firstly the cracking of the limestone
wafers needs less mechanical effort and was achieved with two pairs of comb pliers. Secondly
the grain boundary weakening (grain decohesion) of the samples should promote intergranular
fracturing initiated from the bending applied by the two pairs of comb pliers.
3.3.3. Etching with Edetic Acid
Some broken samples have been submerged into Edetic Acid (Ethylenediaminetetraacetic acid;
0.1 ⋅ l (-1) 1) also known as Titriplex III (trade name of Merck Millipore). We submerged the
samples for three different periods of time (30 sec, 1 min and 2 min) in order to find the most
appropriate etching results. The etching is supposed to reveal and emphasize grain boundaries
between micritic calcite grains. That allows an enhanced SEM imaging of the fracture surface
10.1 mol ⋅ l-1 = 29.224 g EDTA per 1 liter H20
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topography at grain scale by using the secondary electron detector. The etching technique has
been used for various geoscience purposes (Volery, 2010; Delecat, 2005; Grobe, 1981).
3.3.4. Microscopic techniques
We used a transmitted light microscope (Zeiss Axioscope) to investigate microstructures of
calcite filled microveins and to measure dimensions as vein aperture and crystal grain sizes of
vein filling calcite in two thin sections. Digital images were taken with a Zeiss Axiocam MRc 3
camera using the software Zeiss AxioVision LE. The microscopic analysis was done on super-thin
sections with a thickness of ≈ 10 µm.
Figure 3.6.: Sketch illustrating fracturing of samples and viewing direction in the
SEM. From Olgaard and Fitz Gerald (1993)
To investigate the paragenesis of different vein calcite generations and cross-cutting relation-
ships of veins respectively we employed a HC1-LM hot cathdodoluminescence apparatus in
combination with an Olympus polarisation microscope. Digital images were acquired using a
Leica digital camera at the Geological Institute of RWTH Aachen University (see also subsec-
tion 2.3.5). The same thin sections used for optical microscopy have been coated with carbon
for the cathodoluminescence analysis.
To investigate the fracture surface topography at the grain scale of the micritic limestone (see
Figure 3.6) we employed two different scanning electron microscopes. 1) Zeiss DSM 962 and
2) Zeiss Supra 55. Both SEMs are equipped with a secondary electron detector (SE2) for topo-
graphy imaging and a back scatter electron detector (BSE) for mineral phase contrast imaging.
The samples were scanned at a working distance between 5 and 14 mm and an acceleration
voltage of up to 15 kV. The analysis was performed on gold-coated samples.
3.4. Results
3.4.1. Samples
We investigated microstructes of thin (aperture < 50 µm) calcite microveins in fracture surfaces
of three limestone samples from two different localities and two limestone formations. Fracture
surfaces have been imaged by scanning electron microscopy of three samples. To correlate both
techniques we investigated fracture surfaces made from limestone samples, where thin sections
were already available. Photographs of samples and thin section overview photographs can be
found in Appendix C. In thin section the limestones appear as mudstones and/or wackestone,
depending on their content of carbonate grains (after Dunham, 1962).
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OM12-HaS-01
The sample OM12-HaS-01 was taken near Hayl al Shaz, where Kahmah group (member 3)
rocks are exposed. Few, single microveins at high angle to bedding (HAB) are seen in thin
section within a dark grey limestone. Microstructures of veins were studied in thin section and
fracture surfaces (made from the limestone host rock) have been analysed by scanning electron
microscopy (SEM).
OM12-032
The sample OM12-032 is from the same location as sample OM12-HaS-01. It contains few,
single microveins at high angle to bedding (HAB) that are separating dark grey and light grey
colored polygons of of fine-grained limestone (see appendix; Figure C.3). Vein microstructures
were analysed in thin section.
OM13-002
Sample from Jebel Shams resort. Natih Formation. Densely spaced anastomosing microveins
hosted by blue-grey, fine-grained limestone (see appendix; Figure C.4). Vein microstructures
were analysed in thin section.
3.4.2. Thin section observations
Calcite filled microveins (apertures <50 µm) were frequently observed in fine-grained, micritic
mudstones (def. after Dunham, 1962) and show a yet poorly described microfabric (Holland
and Urai, 2010; Morad et al., 2010). To a large extent along their strike the microveins consist
of single calcite crystals that show several significant features (see Figure 3.7):
1. Vein filling crystal grains connect both vein-host rock interfaces all way along their strike
extent (see figure 3.7).
2. The crystal grains’ largest dimension stretches along strike and aspect ratios
( along strike extentvein opening width) can be as high as 10.
3. As of 1.) and 2.) - crystals connect both vein-host rock interfaces and apertures are
between 10 µm and 50 µm wide, crystal grain sizes are at least a magnitude larger than
micrite grains in the host rock. The dominant micrite grain size in the host rock varies
between 1 and 10 µm.
4. At last, grain boundaries between vein filling crystals are sharp, straight lines. They are
observed as straight connections between the vein-host rock interface or as sharp edges,
presumably crystal facets.
Vein filling crystals showing aspect ratios as high as 10 are usually considered being stretched
or fibrous crystals (Bons, 2000; Bons et al., 2012). In solitary microveins crack-seal indicators
as host rock inclusion planes, or fluid inclusion planes are rare features. It is generally assumed
that the opening trajectory of the microveins was perpendicular to the vein strike orientation
in opening mode I. This assumption is in agreement with the observation that larger carbonate
particles (i.e. fossil shells) are found crosscut by microveins and are not showing a lateral
displacement in plane of view. The described vein filling texture is termed ’blocky-neighbor
texture’. We have observed bundles of microveins, where the individual veins consist of the
blocky-neighbor texture as well. The same observation was made at y-junctions of veins and
in cases of rough vein reactivation/growth at the interface (cf. case 4 Holland and Urai, 2010,
see their figures 7, 8, 9 & 10). Morad et al. (2010) showed similar microstructures, describing
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’Multiple radiating veins with equant calcite cement’ that are hosted in a fine-grained carbonate
rock.
100 µm
OM12-032
XPL
a b
b c d
Figure 3.7.: Single calcite crystals (a,b,c & d) are filling a section of a microvein
in a fine-grained limestone matrix. Note the left hand side of the lower micrograph
stitches to the right hand end of the upper one. Sample OM12-032. Thin section is
parallel to bedding. See text for further details.
Lateral epitaxial overgrowth is commonly observed, where larger, single crystal fossil fragments
(e.g., echinoderms) have been crosscut by a fracture. In Figure 3.8 it can be seen, that a fossil
is intersected by a vein. The bone-shaped fossil is composed of two single crystals, whose grain
boundary is parallel to the long axis of the fossil. The vein intersects this fossil and the internal
grain boundary at high angle. Both single crystals appear in lateral continuity into the vein.
Within the vein the crystals form a sharp interface. As the vein changes its geometry right at
the fossil, it is assumed that the fossil has perturbed the stress field of the propagating fracture.
While crack-seal indicators (i.e. host rock inclusions) are not found in the same vein elsewhere,
the vein at the fossil splits up into two strands that surround a host rock inclusion. Even a part
of the fossil is part of that inclusion. As we haven’t observed any other crack-seal indicators, we
argue for local bifurcation at the fossil (Virgo et al., 2013a).
An additional observation is made at veins that did not crosscut a fossil in the plane of the thin
section. Here the vein filling crystal that is the nearest neighbor of the fossil appears in optical
continuity with the fossil’s crystal (see Figure 3.9). We suggest that the fracture has crosscut
the fossil, either below ore above the plane of the thin section. A crystal, that grows epitaxially
into a new fracture will grow in all directions (see sketch in Figure 3.10). It can be followed that
host rock particles representing an overgrown nuclei of a vein filling crystal do not have to be
intersected by the plane of the thin section.
We observed similar crack-seal vein patterns as shown by Holland and Urai (2010) in thin
section both parallel and vertical to bedding (see Figure 3.11; and appendix, Figures C.11 &
C.12). Interestingly some veins in these meshes show the same microfabric as noted above,
whereas another type of veins shows elongate-blocky (stretched vein) texture (see Figures 3.11,
3.12A). At intersections of both types it can be clearly seen that the blocky-neighbor veins are
cross-cutting the stretched veins (see Figure 3.12A).
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100 µm OM12-032
xplA
B
HR-inclusion
bifurcation?
a’
a’
a
b’
b’
b
Figure 3.8.: A) micrograph. B) interpretation sketch. Single calcite crystals (a,b)
are filling a section of a microvein. Crystal (a) appears as epitaxial overgrowth of
fossil crystals (a’). The same is observed for crystal (b) and (b’) respectively. Note
the change in fracture shape at the intersection with the fossil. The vein splits up into
two strands around a host rock inclusion.Sample OM12-032. Thin section is parallel
to bedding. See text for further details.
Another striking feature is the shape of the younger veins. As they feature crystal aspect ratios
even higher as described above, they show smooth curves that are usually terminated at sharp
edges along their paths. This curvature occurs in most of these type of veins. Other veins,
apparently older, do not show a similar curved shape.
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OM12-032
xpl xpl
a
a’
a
a’
200 µm
Figure 3.9.: The vein filling crystal (a) appears in optical continuity with the fossil
(a’). Note the vein does not intersect the fossil in the plane of the thin section (see
also Figure 3.10). Thin section is parallel to bedding. See text for further details.
plane of
thin section
Fossil
Fossil
Fossil
Fossil
fracture opens
subsequent
epitaxial overgrowth
crystal grows
laterally into the veinFossil
Fossil
Figure 3.10.: Sketch illustrating observation shown in Figure 3.9. Top left: A mode I
fracture crosscuts the single crystal fossil. Bottom left: epitaxial growth of fossil crystal
from both sides into the open fracture. Right: After the crystals have grown together
they further grow laterally into the vein.
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Figure 3.11.: Stitch of micrographs showing curvy veins featuring blocky-neighbor
texture. The sketch illustrates the curved path of the vein and its sharp edges. See
Figure 3.12 for details (white rectangles – A, B & C – indicate position subfigures in
Figure 3.12). Thin section parallel to bedding (XPL).
Therefore it is assumed that the curvature is not due to deformation of the vein, but it represents
the initial crack path. Single crystals can be followed across sharp edges and smooth curves
(see Figure 3.12C). Another difference to the non-curvy veins described above, the veins show
abundant indicators for crack-seal (host rock inclusion bands, branching, coalescing with other
veins, tip splays; see Figure 3.11 and 3.12). Furthermore it needs to be mentioned that the
calcite crystals show mechanical twins, whereas mechanical twinning in non-curvy veins is rarely
observed (see Figure 3.12).
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Figure 3.12.: Detail micrographs of curvy veins with blocky-neighbor texture. (A)
Cross-cutting relationship between younger blocky-neighbor vein and older vein with
elongate blocky texture. (B) Branching of the vein indicating crack seal vein growth.
(C) View on smooth curved shape terminated by sharp edges. Note single crystal fillings
can be observed across curves and edges (yellow arrows). The width of the vein varies
along its path.
At intersection of calcite filled microveins showing the filling texture as described above (i.e.
a x-type intersection; see chapter chapter 1) it is commonly seen that the extends of a single
crystal reaches into both sealed fractures (see Figure 3.13). We term single crystals extending
into intersecting veins T–crystals, if it has a T-shape (see Figure 3.15) and X–crystals, if it
extends into all four vein segments away from the intersection point (see Figure 3.13). It is
important to note here, that abutting is not observed at those intersections. The observed vein
filling at intersection makes it particularly difficult to determine cross-cutting relationships of
intersecting calcite microveins in the samples we studied. Under CL the investigated samples
did not show very bright luminescence. At some intersections we were able to delineate the
cross-cutting relationships as a result of weak, but clear differences in CL (see Figures 3.14 and
3.16). In Figure 3.15 it can be seen that a calcite vein has a larger aperture than 50 µm. This
vein shows a typical blocky – growth competition texture (the vein appears as the horizontal
vein in the figure). However at the intersection it is the T-crystal that fills the wide vein almost
entirely. We also found X–crystals connecting two parallel veins, which are separated by thin
host rock inclusions (see Figure 3.17). In this case it can be assumed that at least two full
crack-seal cycles were active for the composite vein (see also subsection 2.5.3 in chapter 2 of this
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thesis).
100 µm OM12-032 XPL
A B
vein b
vein a
Figure 3.13.: X–crystal at an intersection of two calcite veins. (A) single calcite
crystal extends laterally into two veins; xpl+λ. (B) same excerpt as A, but crossed
polarisors turned to extinction of the X–crystal.
100 µm OM12-032 XPL
A B
vein b
vein a
Figure 3.14.: Same vein intersection as shown in Figure 3.13 in xpl (A) and Cl (B).
CL texture indicates that vein b formed later.
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300 µm 300 µmOM12-032 XPL OM12-032 XPL
A B
Figure 3.15.: T–crystal at an intersection of two calcite veins. (A) A single calcite
crystal extends laterally into three vein segments away from the intersection; xpl+λ.
(B) same excerpt as A, but crossed polarisors turned to extinction of the T–crystal.
300 µm
A B
paleo-
facet
T-crystal
outline
paleo-
facet
Figure 3.16.: Same vein intersection as shown in Figure 3.15 but in CL (A). Inter-
preted CL texture in Figure (B). Note paleo crystal facets in the thicker vein. The CL
image does not reveal the crosscutting relationship between both veins.
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100 µm OM12-032 XPL
A B
fossil
Figure 3.17.: X–crystal connecting two parallel calcite veins. Note the veins are
separated by a thin host rock inclusion. (A) Micrograph in xpl mode; it seems that the
crystal is in optical continuity with the fossil in the upper part of the image. (B) Same
excerpt as (A) in ppl mode to highlight the host rock inclusion.
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3.4.3. Fracture surface morphology
Broken samples were always observed at high angle to the fracture plane (see Figure 3.6). The
fracture surfaces of the broken samples are mostly smooth, sometimes gently curved planes when
observed with the naked eye (also at low magnification). It can be seen that fracture surfaces are
influenced by heterogeneities as small calcite veins. At lower magnification the fracture plane
shows features as ’conic marking (parabolas)’ nucleated at larger carbonate particles, which are
similar to those of Kies et al. (1950) and Hull (1999) (see Figure 3.18). The conic markings
seen in Figure 3.18 appear micro-scale fractures at low angle to the main fracture plane and
indicate the direction of crack propagation (from top to bottom). The marking outlines the area
included in an individually initiated subsidiary fracture. It has nucleated at a larger grain (∅
approx. 300 µm) and continues to the lower boundary of the specimen and its fracture plane
respectively.
A
B
OM12-HaS-01 (30s EDTA)
Figure 3.18.: (A) Parabolic–shaped conic markers (blue dasehd lines) nucleating at a
large carbonate particle at the top of the image (yellow dashed line). SEM-SE2 image.
(B) SEM image of Figure 5.19 in Hull (1999) showing similar fracture parabolas.
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3.4.4. Morphology of grain boundaries and broken grains
Observed in the SEM the fine-grained host rock appears as an inequi- to equigranular, polygonal,
’foam’- or ’rock candy’-like grain aggregate (see Figures 3.19, 3.20, 3.21). Grain boundaries are
generally observed as flat, slightly stepped, but always smooth surfaces (with gold-droplets
from the coating). It appears that there is neither additional cement between the grains nor
amorphous material (see Figure 3.20). This observation has been made on broken samples but
also on polished samples that have been slightly etched with EDTA (see subsection 3.3.3).
OM12-HaS-01 (unheated, polished, 30s EDTA)
1 µm EHT = 15.00 kV
WD = 7.1 mm
Signal A = AsB
Mag = 10.00 K X
Date : 4 Nov 2014
Time : 10:05:39
Figure 3.19.: SEM-BSE overview image on polished and etched surface. Note the
polygonal pattern of grain boundaries. Calcite grains that have had a shallow depth
(parallel to view axis) seem to have been predominantly dissolved. Yellow rectangle
indicates location of Figure 3.20.
As we did not observe significant intergranular pore space, we assume that the micrite crystals
have been growing to form mutual grain boundaries during early diagenesis - post to their
deposition. Grain aggregates appear compact and massive in cold samples (like ’rock candy’),
while in hot samples the aggregate shows remaining dilatancy between individual grains as a
result of the anisotropic thermal expansion. The entire aggregate compound of the micritic host
rock matrix seems to have loosen up.
Spherical objects observed at diameter sizes around 5 µm in sample H1minL (OM12-HaS-01) are
most likely calcispheres. Mesozoic calcispheres are predominantly remains of planctonic algae
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(dinoflagellates - cf. Wendler and Bown, 2013; Flu¨gel, 2004; Scholle and Ulmer-Scholle, 2003;
Keupp, 1991) or fossil stomatocysts (Castan˜eda-Posadas et al., 2014).
OM12-HaS-01 (unheated, polished, 30s EDTA)
1 µm EHT = 15.00 kV
WD = 7.1 mm
Signal A = AsB
Mag = 40.00 K X
Date : 4 Nov 2014
Time : 10:10:09
Figure 3.20.: Detail of figure 3.19. Note sharp grain boundaries, which appear as
negative morphologies. Subtle and delicate surface patterns are results of EDTA etch-
ing. Location of image indicated in Figure 3.19.
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OM12-HaS-01 (unheated, broken)
1 µm EHT = 5.00 kV
WD = 7.0 mm
Signal A = SE2
Mag = 10.00 K X
Date : 4 Nov 2014
Time : 10:40:59
Figure 3.21.: SEM-SE2 overview image. Note polygonal grain aggregate of calcite
grains. Yellow rectangle indicates location of Figure 3.23.
Surfaces of broken calcite grains were observed on large carbonate particles and micrite grains.
We identified mainly three types:
1. Flat cleavage surface on the {101¯4} (primary cleavage) or {011¯8} (hki l, e-twins) symmetry
planes.
2. Stepped cleavage surface with obtuse and acute steps between {011¯8} or {101¯4} symmetry
planes.
3. Complex, conchoidal fracture surface (i.e. with feather patterns or river lines)
Flat cleavage surfaces are often observed but they are usually found associated with stepped
cleavage surfaces. We observed acute and obtuse intersection angles between exposed cleavage
planes (see Figure 3.22). Morphological complex, conchoidal fracture surfaces featuring con-
centric ripples, or fan-shaped arrays of cleavage steps (feather pattern) are frequently observed.
They were observed on large carbonate particles with µm sized steps (see Figure 3.22) as well
as on micrite grains (∅ approx. 5 µm; Figure 3.23). Step sizes on micrite grain surfaces are in
the range of tens of nano meters (Figure 3.23). It can be stated that morphological features
(irregular from flat cleavage planes) on large carbonate particles are of comparable dimensions
to the diametric size of the surrounding micrite grains or even larger.
141
Lateral crystal growth in veins
D
B
A
C
102°
acute step
102°
obtuse step
x1
x1
x2
x2
78°
y1
y1
y2
y278°
(101)
(1014)
OM12-HaS-01 (H1_minL)Geol.Inst.Ac SE 10 µm
Figure 3.22.: SEM-SE2 image of cleavage steps (obtuse - blue arrow; acute - red
arrow) on a large carbonate particle grain (A) with superimposed sketches of cleavage
steps morphologies (B,C,D). Yellow arrows point at activated cleavage planes decorated
by EDTA etching.
In broken samples treated with EDTA it can be seen that cleavage planes at high angle to
the fracture plane are preferential dissolution sites (see Figure 3.22). The EDTA produces a
dendritic pattern on flat cleavage planes and it is assumed that it obscured sharp intersection
lines at acute steps. In samples that have not been etched those intersection lines of cleavage
steps appear as sharp lines and steps respectively (see Figure 3.24). Smooth cleavage planes can
change laterally into river lines of a conchoidal fracture surfaces and vice versa. Cleavage steps
can be straight but were observed in curved shape as well (see Figure 3.25, 3.26). We observed
also cleavage steps produced by internal mechanical twinning (see Figure 3.27).
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The vein filling texture seen in the SEM is very similar to textures observed by transmitted
light microscopy. Mostly single crystals occupy the entire spaced of the filled fracture (cf. sub-
section 3.4.2). We have directly observed epitaxial overgrowth of micrite and larger (carbonate
particle) grains into calcite veins that intersect at high angle with the fracture plane. It be-
comes apparent that individual grains continue into the vein. We observed differences in their
vein lateral extend with respect to their grain size outside the vein. For some grains the extend
of the crystal measured within the vein (along the strike) is significantly larger than the size of
the grain outside the vein (see Figures 3.29 and 3.32). But is can also be seen that grains show
a limited extend within the vein, sometimes even smaller than their outside size (see Figure
3.31).
Figure 3.28.: SEM-SE2 overview image on calcite vein (from upper right corner to
lower left corner). White rectangle indicates location of Figure 3.29.
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Figure 3.29.: SEM-SE2 image. A vein calcite crystal (yellow outline) originated from host
rock on the upper left side of the vein (red outlines). Image location in Figure 3.28.
Figure 3.30.: SEM-SE2 image of a calcite vein (from upper right to lower left corner). White
rectangle indicates location of Figure 3.29; red rectangle indicates location of Figure 3.32.
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Figure 3.31.: SEM-SE2 image of three micrite grains (yellow dashed line) that have grown
into calcite vein (red dashed outlines). Location of image indicated in Figure 3.30.
Figure 3.32.: SEM-SE2 of a micrite grain (yellow dashed line) that have grown into calcite
vein (red dashed outlines). Location of image indicated in Figure 3.30.
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3.4.5. Observed fracture morphology and fracture mechanism paths
The morphology of fractures, which were observed both parallel and vertical to their plane ori-
entation is a result of composite fracture mechanism (inter- and transgranular). The SEM study
of fracture surfaces planes showed patches of ’rock candy’ cause by intergranular fracture paths
(Figure 3.21). Additionally we observed rough surfaces of fractured carbonate grains of highly
variable grain sizes.
The ratio TGFIGF (transgranular vs intergranular) can be estimated from SEM images. It be-
came obvious that the ratio is substantially lower in samples that have been heated prior their
(brittle) deformation. In hot samples only large carbonate particles are fractured showing cleav-
age fracture surfaces, while micrite crystals in the fine-grained host rock are rarely found broken.
The ratio TGFIGF is higher in samples that were broken at room temperature and that were not
heated before. In cold samples, cleavage fracture surfaces have been frequently micritic grains
frequently. We observed also fractures that are oriented at high angle to the main fracture plane
of the samples (see Figures 3.33 & 3.34; appendix, Figures C.19, C.20, C.21 & C.22). These
fractures are observed parallel to their fracture plane. It can be seen that the fracture paths is
mostly following grain boundaries. But crosscut micrite grains are not rare features, as they are
commonly observed along the path of the fracture shown in Figure 3.33. The broken micrite
grains are generally isolated. When a fracture path is observed to crosscut a micrite grain it
usually snaps back to a grain boundary behind the broken grain. Fractures crosscutting two or
more adjacent grains are rarely observed.
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500 µm
H1_041
H1_038
H1_048
H1_046
Figure 3.33.: (Continued on the following page.)
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(facing page) Figure 3.33.: Stitched SEM-SE2 panorama of a microfracture. View
parallel to fracture plane. The fracture path indicates a composite fracture mechanism
(intergranular and transgranular). Yellow rectangle indicates position of Figure 3.34.
Figures showing details (red rectangles) to be found in the appendix. SEM-sample H1
(cold, broken specimen of OM12-HaS-01).
2 µm
Figure 3.34.: Detail of Figure 3.33 (H1 048). Note fracture path indication compos-
ite fracture mechanism. Few grains are fractured (red arrows mark begin and end of
transgranular fracture), while the path mostly follows grain boundaries (yellow arrows).
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3.5. Discussion
3.5.1. Key observations
From our results we can list the following key observations regarding the sealing of micro scale
fractures in fine-grained limestones of the Oman Mountains:
1. The overall governing fracture mechanisms observed in broken fine-grained samples is
intergranular fracturing. In all samples we observed transgranular fracture paths as well,
but they appear in minor quantities.
2. Fracture surfaces created by intergranular fracturing appear mostly as smooth and flat
surfaces.
3. Fracture surfaces on broken, large single crystal carbonate particles show cleavage fractures
that follow mostly cleavage planes.
4. Fracture surfaces on µm sized micrite grains show conchoidal fractures with complex sur-
face morphologies.
5. The ratio TGFIGF (transgranular vs intergranular) decreases in samples that suffered aniso-
tropic thermal expansion (ATE).
3.5.2. Fracture mechanisms at burial depth
Accordingly it can be argued that the dominant fracturing mechanism of micro fractures in
sub-nappe, Mesozoic limestones in the Oman Mountains was intergranular fracturing. It seems
that anisotropic thermal expansion (ATE) has enhanced intergranular fracturing in hot samples.
It remains unclear at what stage in the prograde or retrograde temperature path vein formation
has occurred. But, without no doubt the majority of observed calcite veins have formed at
burial depth Hilgers et al. (2006); Holland et al. (2009b); Holland and Urai (2010). Reported
(maximum) burial paleotemperatures are in the range of 200°C. (cf. Fink, 2013; Breton et al.,
2004; Fink et al., 2015). We infer that in-situ fracturing of the observed natural microveins
occurred under elevated temperatures – similar to reported values. However remanent grain
boundary weakening by anisotropic thermal expansion (in limestone) does not require such high
temperatures, as it is observed in marble claddings (Ferrero et al., 2014, and references therein).
Therefore we argue that elevated (paleo-) temperatures led to anisotropic thermal expansion in
the fine-grained limestones at burial depth. The creation of porosity and open space at burial
depth is very unlikely due to high confining pressures. Thus a remanent dilation as seen in our
hot samples as well as in marble claddings will not develop under burial conditions. But ATE
must have resulted a loss of grain boundary adhesion strength. Such decreased adhesion strength
of grain boundaries would enhanced the dominance of intergranular fracturing as seen in our hot
samples. However the observed of decreasing trend of the TGFIGF ratio with higher temperatures
is based on a (1) small sample suite, (2) a large temperature difference (∆T = 180°C) and (3)
a simple fracturing technique (see methods) that lacks natural conditions as fluid pressure and
three-dimensional, in-situ stresses (in particular confining pressures).
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3.5.3. Crystal growth potential on calcite surfaces
Various analytical and experimental studies have shown that freshly created cleavage surfaces
of calcite are very reactive with respect to growth by precipitation and/or dissolution from/into
an aqueous solution (Harstad and Stipp, 2007; Stipp et al., 1996, 1994). Those conclusions have
ben drawn from observations made on artificially created, smooth and planar cleavage surfaces
of rhombohedral calcite. In our broken samples we have observed freshly created flat surfaces
as well but furthermore we observed complex cleavage fractures. We interpret those complex
surfaces to be caused by the misorientation of cleavage planes with respect to the direction of
fracture propagation. The misorientation led to irregular, partly tortuous fracture path that
had to switch between the available cleavage planes. It is important to note here, that observed
planes on cleavage surfaces are not necessarily parallel to the three cleavage planes of the broken
grains. We have frequently observed complex, conchoidal fracture surfaces that expose non-
rational facets on large fractions of the surface area on broken grains. Those non-rational facets
are clearly misoriented to cleavage planes of the broken calcite. This observation is taken into
account to deduce that reaction kinetics with aqueous fluids should be significantly enhanced at
those non-rational facets and fracture surfaces, respectively.
3.5.4. Localised epitaxial growth and fracture sealing
Given that (i) intergranular fracturing is the dominant fracture mechanism, (ii) rare transgran-
ular fracturing caused creation of fresh cleavage fractures on few broken grains and (iii) the high
precipitation/dissolution reactivity at complex cleavage fractures sites, we infer that subsequent
growth of fracture filling cements caused by precipitation of an oversaturated fluid is primarily
or even exclusively focused on broken calcite grains, while sparing growth (precipitaion) at frac-
ture surfaces exposed by intergranular fracturing. As only a limited number of calcite grains
expose broken surfaces, the number of epitaxial growth sites is limited as well. The subsequent
growth of those crystals will most likely lead to the formation of a texture that is similar to the
blocky-neighbor texture as described in this study (see Figure 3.35).
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Figure 3.35.: (Continued on the following page.)
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(facing page) Figure 3.35.: Schematic development of blocky-neighbor texture. Key
process is the preferred epitaxial overgrowth of grains with fresh fracture surfaces (RXS:
reactive crystal surface) due to hybrid fracture mechanism (IGF = intergranular vs.
TGF = transgranular). T0: fracture opening - crystals x1 and x2 are transgranularly
fractured; T1: growth on RXS and development of rational facets with constant, an-
isotropic growth rates. After 4 growth steps (black dashed lines, white line indicates
shape of last time frame) crystal bridges form (T4. T6: Crystals grow laterally along
the open fracture. Finally a mutual grain boundary (see Figure 3.36) forms between
the crystals x1 and x2 (Tfinal).
x2
x1
x2
x1
Figure 3.36.: Formation of a grain boundary (solid yellow line) between two singe
crystals (x1 & x2) sealing a fracture. Final stage of Figure 3.35. The grain boundary
and the growth of crystal facets is constructed after Schmidegg (1928).
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3.5.5. Curved shapes of extensional veins
The irregular shape of the younger, blocky-neighbor veins can be interpreted as being caused by
stick-slip fracture propagation with episodes of fracture growth (propagation) and arrest. The
fracture can change its growth direction as it starts to propagate again after a phase of arrest
and stress build up (Hull, 1999, see their figures 9.13, 9.14). It remains unclear whether those
fractures were partly sealed before each growth phase. The irregular fracture shape could also
be a result of partial (tip-site) fracture sealing, as a sealed tip will clearly perturb the stress field
building up around the partially sealed fracture. Crystal growth that has sealed open space at
the fracture tip will actually shift back the fracture tip towards the center of the fracture. That
will also effect the geometry of the fracture tip, as it should become more blunt (see Figure
3.37).
Sealing complete
Partial sealing
fracture/vein growth
open fracture
open fracture
?
Figure 3.37.: (Continued on the following page.)
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3.5.6. Fracture mechanism-controlled vein textures
Irregularly shaped microveins showing blocky-neighbor texture are observed crosscutting regu-
larly shaped stretched veins featuring elongate blocky texture (see Figures 3.11, 3.12). Tech-
nically, the rock-intrinsic boundary conditions (i.e. chemical composition, grains size, content
of carbonate particles) for vein growth and fracture sealing are the same for both vein types.
Other boundary conditions need to be taken into account causing the development of different
vein shapes as well as microstructural domains. We have argued earlier, that higher temperat-
ures favor intergranular fracturing. Intergranular fracturing will lead to the development of the
blocky-neighbor texture. An elevated TGFIGF ratio will allow allow a higher frequency for trans-
granularly fractured grains at lower temperatures. Thus this effect will lead to more sites of vein
growth and thus more and smaller vein filling crystals.
As the irregular-shape have formed later than the stretched veins, it could be assumed that
they formed at greater depth and higher temperatures. Alternatively the composition of the
vein filling fluids could have been different. Both veins show signs for crack-seal growth and the
opening width of crack events are at an equal order of magnitude. On fracture surfaces that are
dominated by intergranular fracturing it seems that only a limited number of transgranularly
broken grains are sites for crystal growth. This will lead to blocky-neighbor vein texture. Ac-
cordingly fracture surfaces dominated by transgranular fracturing allows more crystals to grow
leading to an elongate-blocky vein texture.
3.5.7. Relation to previous work
Holland and Urai (2010) described the average opening of individual veins in their samples
in the same range (10-50 µm) as observed in our samples. They described their veins having
a blocky-neighbor texture also. Their interpretation involved newly nucleated crystals on the
fracture surface. In contrast to that we argue for epitaxial overgrowth and subsequent sealing.
Case 4 and case 5 in Holland and Urai (2010)’s model show vein widening with and without
the incorporation of host rock inclusions. We have discussed the effect of the blocky-neighbor
texture on vein growth textures in chapter 2 (see Figures 2.54, 2.57 and 2.56, ). Our model can
explain the lateral growth of crystals into new fractures following case 4 or case 5 trajectories.
The difference to the study of Holland and Urai (2010) is that we investigated mainly solitary
blocky-neighbor veins. Only few microveins (i.e. 5) are observed in a single thin section. But
the few microveins are of different orientation indicating to be caused by a different stress field.
Holland and Urai (2010) argued that their zebra veins formed within a constant remote stress
field. Based on their (different) orientation of the studied microveins we correlated them to
early and late tectonic phases (see chapter 2). Therefore we propose that not only early bedding
normal veins, but also bedding normal veins, that formed later during the evolution of the
Oman Mountains have the potential to form a blocky-neighbor texture and a zebra pattern
respectively.
(facing page) Figure 3.37.: Vein growth at the tip of a micro-crack. Sealing of
open fracture by growth of few nuclei (A). Subsequent growth can either fill the entire
fracture (B) or the vein can be reactivated during growth (C and D). Note that the
fracture tip in (C) is already sealed, while the red crystal still grow into open space.
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3.6. Conclusions
SEM microscopy has shown that inter- and transgranular fracture mechanism can be observed
at micro-fractures in micritic limestones. The morphology of the fracture is dominated by
intergranular fractures but isolated, transgranular fractures are frequently observed as well. For
the development of the blocky-neighbor texture we propose:
1. Fracture paths in fine-grained limestones are dominantly governed by intergranular fracture
mechanism.
2. Anisotropic thermal expansion seems to enhance the dominance of intergranular fracturing.
3. Fracture path around large (>50 µm) carbonate particles (i.e. single crystal echinoder-
mata) are tortuous and are avoided by transgranular fracturing through the large particle.
4. To avoid tortuous fracture path at small scale – also typical micrite grains are broken
transgranularly.
5. Fresh fracture surfaces are preferred sites for subsequent growth of fracture cement.
6. The effectivity of epitaxial growth scales with complexity and roughness of the fracture
surface morphology.
7. Active overgrowths continue laterally into the remaining open fracture until they will
eventually form a mutual grain boundary with their next neighbor.
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4. Outlook
4.1. Phases of veining at Al Raheba and Stable Isotopes
In the Al Raheba vein mesh (see chapter 1), we distinguished two generation of veins – termed
Stage 1 and Stage 2. In chapter 2 we introduced tectonic phases, based on more data from
other outcrops in the study area. We correlated the Stage 2 fault with the regionally developed
Phase IV-b normal faults indicating N-S extension. A few meters away from the main outcrop,
we obtained clear crosscutting relationship between veins belonging to three distinct sets of
conjugated en-echelon vein sets. In chapter chapter 1 we termed those sets according to their
strike orientation – N-S (oldest), EW (intermediate) and NW-SE (youngest). The regional
correlation of tectonic phases in chapter 2 allowed us to tie those three vein sets to the tectonic
phases I-c (N-S), V-a (E-W) and V-b (NW-SE).
We explained the dense Stage 1 vein mesh being formed by veins belonging to these three vein
sets. The Stage 2 fault (correlated with tectonic Phase IV-b) is exposed in the northern part of
the outcrop and clearly crosscuts any other intersecting vein. Accordingly, we suggested that a
Phase IV-b fault has crosscut later Phase V-a and Phase V-b veins.
Therefore the cross-cutting relationship between some veins of Stage 1 (tectonic Phases V-a &
V-b) and the Stage 2 fault (tectonic Phase IV-b) is at odds with the regional interpretation
made in chapter 2.
We suggest more, detailed field work particularly at Al Raheba to solve this dilemma. It should
be made emphasis on the logging of crosscutting relationships between vein sets. The goal is
to find other calcite filled faults having a similar orientation and kinematics as the Stage 2
fault.
Veins belonging to Phase I-c outnumber veins of all other sets together at Al Raheba. This vein
set has been found in just two outcrops (Al Raheba & Swimming Pool pavement). Why is this
vein set not being found elsewhere in the topmost layers of the Natih Formation?
To further constrain the timing of vein formation at Al Raheba, we suggest to study cross-
cutting relationships of tectonic stylolites with vein sets. Tectonic stylolites will crosscut any
veins formed prior stylolite formation. Likewise veins crosscutting tectonic stylolites have formed
after stylolite formation. Gomez-Rivas et al. (2014) have a created a large dataset on the
orientation of tectonic stylolites that indicate two tectonic phases with sub horizontal maximum
principle stresses. New data can be correlated with this dataset.
In the framework of Reinhard Finks’s Master thesis and his present effort to publish this data
(Fink, 2013; Fink et al., 2015) solid bitumen was observed in veins of the Stage 1 vein network at
Al Raheba. The sample is taken at an intersection of a Stage 1 vein with the Stage 2 fault vein.
It became apparent that solid bitumen is not restricted to black colored veins, but the mosaic
type of bitumen can be found in white calcite veins as well. The occurrence of this bitumen
needs to be mapped regionally in order to tie the migration of hydrocarbons to tectonic phases
and related vein formation. The isotopic composition of Stage 2 calcite clearly suggested that
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vein forming fluids migrated vertically across layers from the Natih B source rocks into the
topmost layers of the Natih A member. The fluid pathways were inferred being fault-controlled.
Accordingly, we address several questions? Does solid bitumen – observed in Stage 1 veins
(hosted in topmost layers of Natih A) – represent remnants of oil that was expelled from the
Natih B source rocks? Was vertical oil migration across layers controlled by the Stage 2 fault
and possibly hydraulically connected faults? If the Stage 2 faults represents the backbone for
vertical fluid flow across layers, how are hydrocarbon distributed laterally into veins hosted in
topmost Natih A layers? Is this evidence for reactivation of Stage 1 veins during the formation
of the Stage 2 fault?
We proposed that CO2 (caused by decomposition of organic matter in the VHB) has caused a
significant negative excursion of δ13C vein calcites - away from the VHB stable isotope compos-
ition. For this effect the organic matter content (or TOC) does not need exceed large quantities
in limestones. It can be assumed that a lot of vein hosting lithologies in the study area contain
organic matter of similar quantities across the entire stratigraphic column. Bedding parallel
stylolites are ubiquitous in all stratigraphic formations as well. Those stylolites have the poten-
tial to locally concentrate organic matter. Accordingly we propose that more calcite veins in
the study area should have lower δ13C values compared to their host rocks. We interpret that
veins showing rock-buffered isotope composition formed prior or after the temperature window
of CO2 generation from organic matter. However the mixing of low δ13C-CO2 with vein forming
fluids requires an effective tapping of δ13C–CO2. The effectivity scaled with created fracture
surface area and number of intersections with stylolites.
A similar negative δ13C excursion was found by Stenhouse (2014) in veins related to faulting
of the largest fault in the study area - the Dar Al Baydha Fault (DAB; Hayl al Shaz area).
The observed trend had a comparably larger extend (up to 6 ‰ lower, relative to Cretaceous
limestones). Stenhouse (2014) suggested the ingress of low δ13C fluids – from (1) ime equival-
ent rocks in the Huqf area (lateral, long distant transport) or from (2) underlying rocks of the
Autochthonous Unit A. According to our study – we also consider low δ13C-CO2 derived by
decomposition of organic matter to have mixed with fluids percolating through the DAB fault,
causing diminished 13C calcite composition.
4.2. Vein microstructures and constraints on vein growth conditions
We tried our very best to achieve a most complete catalogue of calcite vein microstructures
hosted in Cretaceous limestones on the southern limb of the Jebel Akhdar anticline. However it
is very likely that we have not sampled all different types of veins in terms of timing (tectonic
phases), morphologies (BCV, BPV, CPV, en-echelons, faults) and mineralogy. Furthermore the
rocks of the overlying Muti Formation contain many veins as well, that need to be studied at
outcrop scale and in detail – using microscopic techniques.
The p-T conditions of vein formation through all tectonic phases remain poorly constrained.
These conditions might be better constraint if the timing of nappe emplacement will be better
reconstructed. For instance, what was the geometry and thickness of the thrust nappes above
the buried carbonate ramp, especially at locations with intercalated Oman exotic blocks?
It seems that the study of the Muti Formation could be helpful. A detailed map of Muti litholo-
gies, their regional distribution as well as deformation structures could answer some questions.
For instance, what was the shape and the dimensions (wavelength, amplitude) of the postulated
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Figure 4.1.: Zoom to the southern limb of the Jebel Akhdar anticline. Geologic cross
section as shown in Figure 2.4 after Searle (2007). White arrows indicate possible,
present day migration paths of hydrothermal water and/or former migration paths of
hydrocarbons.
forebulge? Were autochthonous carbonates buried two times by two Muti basins? The first pos-
tulated basin prograded southwards in front of the peripheral bulge that lead to the regionally
developed emergence of the carbonate platform and its erosion (i.e. Robertson, 1987a,b, and
references therein). The bulge itself is followed by the foredeep of the advancing thrust. This
basin is comparable to the Alpine Flysch and Molasse Basin. Is early fracturing and fracture
sealing constraint to the bending of layers in the forebulge?
Natih limestone rock and in the area south of Jebel Shams host plenty evidence for the migration
of hydrocarbons (Fink, 2013; Fink et al., 2015). What is the time of hydrocarbon generation
and their migration? Have hydrocarbons in the Oman Mountains reached the surface? Have
formerly existing traps and/or seals leaked, or are still, yet undiscovered reservoirs to be found
in the Oman Mountains (i.e. south of Wadi Ghul; see Figure 4.1).
During our field trips we have found several places with hot springs or steam vents; e.g., southeast
of Al Hamra and at the Ramps in Wadi Ghul. Flow of hydrothermal water is likely fault-
controlled and upward the general dip of the southern limb of the Jebel Akhdar Anticline (see
Figure 4.1). We suggest more regional mapping especially of large-scale faults - 3D seismic in
our study area or at least a 2D seismic section following the trajectory of Mike Searle’s classic
cross section (Searle, 2007).
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4.3. Microstructural evolution of fault zones in carbonates and
dating of deformation
Calcite-filled tectonic faults occur in great numbers, manifold morphologies as well as different
orientations and kinematics. Our sample suite has certainly not covered all of those different
fault types and further microstructural work is strongly suggested. The faults host information
on fluid flow across stratigraphy, solution and precipitation of minerals as well as deformation
mechanisms of faults in carbonates (i.e. Figure 4.2; see also Hadizadeh, 1994; Marfil et al., 2005;
Nova´kova´ et al., 2010). The same faults that contained pentagonal dodecahedron FeO crystals
showed dolomitisation textures in cathoduluminescence (Figure 4.2).
We suggest to obtain the mineral phase of the observed pentagonal dodecahedrons by single-
crystal x-ray diffraction analysis. If the crystals are hematite (Fe2O3) crystals we suggest to make
a feasibility study on dating of these hematites as shown by Adams et al. (2013). The pentagonal
dodecahedrons are not only found in Phase IV-b faults hosted by Kahmah 3 limstones, but also
in a yellow calcite vein that has been correlated to Phase III-a (sample OM13-008). The vein
calcite is heavily deformed and crosscut by several younger vein phases (see Figure 2.36). The
size of the crystals tend to be very small, thus there is potential to find more in other types of
veins. They are easy to recognize by their euhedral shape as well as their black appearance in
crossed polarised transmitted light (Figure 2.50) and under CL (Figure 4.2). Furthermore they
show deep red colors in crossed polarised reflected light (Figure 2.50).
5 mm OM12-034A
S
t y
lo
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dol
dol
500 µm
FeO
Figure 4.2.: Occurrence of dolomite associated to stylolites in fault gouge of Sample
OM12-034A (Phase IV-b). Left image plane polarised light, right image crossed po-
larised light, center image cathoduluminescence image. Note presence of FeO crystal
that is most likely a hematite pseudomorph after pyrite. The CL image shows euhedral
growth shapes of rhombohedral dolomite. The dolomitisation of fault gouge calcite is
associated with a stylolite.
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4.4. Epitaxial growth of calcite in limestone microfractures
Based on this study we suggest further research. Two important remaining questions need to
be investigated:
1. What is the controlling factor on the fracture path and mechanism (trans-granular vs
inter-granular)?
2. Which process or in situ rock property hampers or even prevents the epitaxial growth at
grain boundary surfaces?
To be able to investigate more realistic fracture surfaces and their morphology on fracture scale
(10−3 m) and grain scale (10−6 m) we suggest more comprehensive deformation experiments.
Those experiment should reflect realistic p-T and fluid pressure conditions.
We furthermore suggest to investigate the dependency of fracture mechanism and fracture mor-
phology on crystal lattice and cleavage orientation respectively (cf. Olusunle et al., 2009). Is a
calcite grain more likely to fracture if its cleavage is parallel to the fracture orientation? The
orientation of the crystal lattice with respect to the fracture plane is probably also controlling
the fracture surface morphology. This could be done by EBSD-analysis on crystallographic ori-
entation of calcite in microveins and adjacent micrite grains. At the microscale this method can
reveal optional systematic patterns in the lateral overgrowths of micrite grains into veins (cf.
Schmahl et al., 2012).
There is also great potential to conduct crystal growth experiment using broken calcite crystals
as nuclei. We could think of several nucleus types as:
1. Flat cleavage surface on the {011¯8} (primary cleavage) or {101¯4} (hki l, e-twins) symmetry
planes.
2. Stepped cleavage surface with obtuse and acute steps between {011¯8} or {101¯4} symmetry
planes.
3. Complex, conchoidal fracture surface
Those experiments could be used to compare bulk growth ratios with time. Which type of
broken surface is the better nucleus for growth? How long do crystals need to form rational
facets?
It needs to be studied, if and how intrinsic material properties of grain boundary surfaces
(revealed by inter-granular fracturing) control overgrowth reactivity (cf. Hillner et al., 1992;
Aizenberg, 2006; Schmahl et al., 2012; Herman et al., 1988). This could be supported by high
resolution Raman spectroscopy (cf. fig. 7 in Schmahl et al., 2012; Schaefer, 2013).
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A. Appendix chapter 1
A.1. Stable Isotope data
Table A.1.: Veins and limestone compositions within the vein-hosting beds.
Sample-id δ18OVSMOW δ13CVPDB Description
(‰) (‰)
2-2009 23.2 0.9 Stage 1 vein calcite
4-2009 23.1 0.4 Stage 1 vein calcite
5-2009 22.8 1.1 Stage 1 vein calcite
7-2009 22.8 0.5 Stage 1 vein calcite
8-2009 23.2 0.4 Stage 1 vein calcite
11-2009 22.7 -0.4 Stage 1 vein calcite
13-2009 22.8 0.8 Stage 1 vein calcite
15-2009 23.1 1.6 Stage 1 vein calcite
16-2009 23.8 1.4 Stage 1 vein calcite
17-2009 23.1 1.6 Stage 1 vein calcite
18-2009 23.0 1.6 Stage 1 vein calcite
19-2009 23.0 1.5 Stage 1 vein calcite
20-2009 23.1 1.5 Stage 1 vein calcite
25-2009 22.9 0.5 Stage 1 vein calcite
27-2009 22.8 -0.2 Stage 1 vein calcite
35-2009 23.3 1.7 Stage 1 vein calcite
36-2009 23.5 1.5 Stage 1 vein calcite
37-2009 23.3 1.6 Stage 1 vein calcite
38-2009 23.1 0.4 Stage 1 vein calcite
46-2009 23.0 1.4 Stage 1 vein calcite
49-2009 23.2 0.7 Stage 1 vein calcite
54-2009 23.1 1.3 Stage 1 vein calcite
59-2009 24.4 1.7 Stage 1 vein calcite
97-2009 22.9 1.0 Stage 1 vein calcite
98-2009 22.9 1.0 Stage 1 vein calcite
99-2009 22.7 1.0 Stage 1 vein calcite
105-2009 22.9 1.0 Stage 1 vein calcite
110-2009 22.9 1.2 Stage 1 vein calcite
111-2009 22.9 0.8 Stage 1 vein calcite
117-2009 23.1 1.5 Stage 1 vein calcite
124-2009 22.9 0.8 Stage 1 vein calcite
125-2009 22.9 1.1 Stage 1 vein calcite
126-2009 23.0 1.1 Stage 1 vein calcite
Table continued on next page.
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Continuation of Table A.1
Sample-id δ18OVSMOW δ13CVPDB Description
(‰) (‰)
127-2009 23.3 1.5 Stage 1 vein calcite
128-2009 23.1 1.4 Stage 1 vein calcite
132-2009 24.0 0.9 Stage 1 vein calcite
133-2009 23.1 1.3 Stage 1 vein calcite
135-2009 23.9 1.5 Stage 1 vein calcite
137-2009 23.0 0.4 Stage 1 vein calcite
141-2009 23.8 1.8 Stage 1 vein calcite
144-2009 22.9 1.1 Stage 1 vein calcite
145-2009 22.8 0.3 Stage 1 vein calcite
148-2009 22.8 0.1 Stage 1 vein calcite
149-2009 23.3 1.9 Stage 1 vein calcite
151-2009 23.1 0.1 Stage 1 vein calcite
152-2009 23.2 0.8 Stage 1 vein calcite
153-2009 22.6 -0.3 Stage 1 vein calcite
156-2009 22.9 -0.2 Stage 1 vein calcite
158-2009 23.0 0.3 Stage 1 vein calcite
161-2009 23.1 1.2 Stage 1 vein calcite
162-2009 22.9 1.1 Stage 1 vein calcite
165-2009 22.8 0.2 Stage 1 vein calcite
167-2009 22.7 0.3 Stage 1 vein calcite
168-2009 23.2 0.9 Stage 1 vein calcite
169-2009 23.4 1.9 Stage 1 vein calcite
170-2009 23.6 2.1 Stage 1 vein calcite
171-2009 23.3 1.2 Stage 1 vein calcite
175-2009 23.3 1.9 Stage 1 vein calcite
180-2009 23.0 1.4 Stage 1 vein calcite
181-2009 23.3 1.4 Stage 1 vein calcite
183-2009 22.7 1.3 Stage 1 vein calcite
187-2009 22.5 -0.8 Stage 1 vein calcite
189-2009 22.6 1.2 Stage 1 vein calcite
193-2009 22.7 0.7 Stage 1 vein calcite
195-2009 22.9 0.4 Stage 1 vein calcite
196-2009 22.7 -0.8 Stage 1 vein calcite
198-2009 22.6 -0.8 Stage 1 vein calcite
199-2009 23.0 0.3 Stage 1 vein calcite
201-2009 23.1 1.1 Stage 1 vein calcite
202-2009 23.1 0.9 Stage 1 vein calcite
205-2009 22.9 1.0 Stage 1 vein calcite
206-2009 22.9 0.2 Stage 1 vein calcite
208-2009 23.3 2.1 Stage 1 vein calcite
63-2009 26.2 1.3 Stage 2 vein calcite
65-2009 24.2 1.2 Stage 2 vein calcite
68-2009 32.0 -4.8 Stage 2 vein calcite
70-2009 25.2 1.3 Stage 2 vein calcite
Table continued on next page.
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Continuation of Table A.1
Sample-id δ18OVSMOW δ13CVPDB Description
(‰) (‰)
72-2009 23.4 1.2 Stage 2 vein calcite
74-2009 26.2 1.7 Stage 2 vein calcite
76-2009 23.1 1.5 Stage 2 vein calcite
77-2009 25.7 1.3 Stage 2 vein calcite
79-2009 23.7 1.4 Stage 2 vein calcite
84-2009 24.5 1.2 Stage 2 vein calcite
88-2009 23.3 1.3 Stage 2 vein calcite
90-2009 23.8 1.1 Stage 2 vein calcite
91-2009 24.4 1.2 Stage 2 vein calcite
92-2009 23.7 1.2 Stage 2 vein calcite
94-2009 24.2 1.0 Stage 2 vein calcite
29-2009 23.2 1.5 proximal host rock
47-2009 22.7 1.9 proximal host rock
52-2009 23.3 1.6 proximal host rock
66-2009 22.8 1.6 proximal host rock
95-2009 22.6 1.3 proximal host rock
101-2009 22.6 1.4 proximal host rock
106-2009 22.6 1.1 proximal host rock
112-2009 22.6 1.2 proximal host rock
114-2009 22.8 1.7 proximal host rock
118-2009 22.8 1.6 proximal host rock
122-2009 22.5 1.5 proximal host rock
140-2009 23.1 1.4 proximal host rock
154-2009 23.7 1.2 proximal host rock
174-2009 23.4 1.7 proximal host rock
185-2009 22.8 1.2 proximal host rock
25-2012 22.2 1.6 distal host-rock
49-2012 22.27 1.82 distal host-rock
54-2012 22.37 1.81 distal host-rock
52-2012 22.53 2.06 distal host-rock
51-2012 22.77 2.05 distal host-rock
53-2012 23.02 1.62 distal host-rock
36-2012 23.53 1.8 distal host-rock
23-2012 22.54 1.57 distal host-rock
24-2012 23.06 1.75 distal host-rock
26-2012 22.34 1.67 distal host-rock
28-2012 21.96 1.78 distal host-rock
29-2012 22.02 1.67 distal host-rock
30-2012 22.04 1.86 distal host-rock
31-2012 21.99 1.75 distal host-rock
33-2012 22.39 1.6 distal host-rock
34-2012 21.79 1.54 distal host-rock
35-2012 21.96 1.81 distal host-rock
39-2012 22.45 1.91 distal host-rock
Table continued on next page.
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Continuation of Table A.1
Sample-id δ18OVSMOW δ13CVPDB Description
(‰) (‰)
40-2012 22.31 1.82 distal host-rock
43-2012 22.44 1.87 distal host-rock
45-2012 22.35 1.89 distal host-rock
46-2012 22.26 1.65 distal host-rock
2-2012 22.82 1.94 distal host-rock
4-2012 22.7 1.78 distal host-rock
7-2012 21.88 1.72 distal host-rock
11-2012 22.58 1.78 distal host-rock
12-2012 21.88 1.69 distal host-rock
56-2012 23.7 2.18 distal host-rock
27-2012 23.03 1.78 distal host-rock
50-2012 22.41 2.03 distal host-rock
55-2012 22.65 2.08 distal host-rock
32-2012 22.28 1.88 distal host-rock
37-2012 22.62 2.2 distal host-rock
38-2012 22.4 1.95 distal host-rock
41-2012 22.08 2.04 distal host-rock
42-2012 22.45 1.73 distal host-rock
44-2012 22.37 2.13 distal host-rock
47-2012 22.08 2.04 distal host-rock
1-2012 22.09 2.17 distal host-rock
5-2012 22.22 1.84 distal host-rock
8-2012 22.28 2.02 distal host-rock
48-2012 23.02 2.14 distal host-rock
3-2012 22.99 1.86 distal host-rock
6-2012 23.15 2.25 distal host-rock
9-2012 22.74 1.75 distal host-rock
End of Table
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Table A.2.: Limestone compositions below the vein-hosting beds.
Sample-id δ18OVSMOW δ13CVPDB Depth Description
(‰) (‰) (m)
13-2012 22.38 1.9 0.25 Natih A
14-2012 22.2 1.87 0.97 Natih A
15-2012 22.95 2.04 2.10 Natih A
16-2012 23.15 2.22 3.78 Natih A
17-2012 23.6 2.2 5.21 Natih A
57-2012 23.47 2.2 5.21 Natih A
18-2012 25.29 2 6.49 Natih A
19-2012 23.88 2.43 7.62 Natih A
20-2012 23.76 2.59 8.50 Natih A
21-2012 23.49 2.54 9.72 Natih A
22-2012 23.32 3.47 11.58 Natih A
58-2012 24.29 3.41 11.58 Natih A
62-2012 23.8 3.6 12.92 Natih A
63-2012 24.2 3.17 20.48 Natih A
64-2012 24.56 2.99 29.15 Natih A
65-2012 24.74 2.39 35.51 Natih B
61-2012 24.87 2.29 38.41 Natih B
59-2012 25.13 2.29 49.05 Natih B
60-2012 25.23 1.77 49.05 Natih B
Note: Depth below surface of Al Raheba outcrop.
End of Table.
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C.1. Sample photographs
Appendix, Figure C.1.: Sample OM12-HaS-01 with thin section.
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NEA B
Appendix, Figure C.2.: A) Sample OM12-HaS-0. Red paint marker show cutting
line for wafers. B) Wafers of sample OM12-HaS-01
OM12-032
Phase III-c
Microveins
Phase III-b
Pha
se V
II
Appendix, Figure C.3.: Oblique view on bedding plane at sample location of OM12-
032. Chessboard-like pattern developed in fine-grained limestones. Dark and light grey
polygons are bound to microveins; map view, pen for scale. White rectangle indicates
approximate of the bedding parallel thin section.
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Appendix, Figure C.4.: A) Field photo in map view of sample OM13-002 (yellow
dashed outline) at Jebel Shams Resort Pavement. Note densely spaced NE-SW striking
microveins. North is up, compass for scale. B) Photo of sample displayed on the field
photo of A. Thin section OM13-002vert has been prepared vertical to bedding.
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Appendix, Figure C.5.: Field photo sample location CM001 at the Al Raheba Pave-
ment. The sample has been taken at the edge of the limestone uppermost limestone
layer (see red arrow). Compass for scale. Photo fromMeeßen (2011)
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Appendix, Figure C.6.: A) Sample CM001 prior to cutting. B) Wafers cut from
sample CM001.
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Appendix, Figure C.7.: Field photo sample location CM003. The sample has been
taken from the limestone layer showing a weakly developed pressure solution foliation.
Photo from Meeßen (2011)
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Appendix, Figure C.8.: A) Sample CM003 prior to cutting. B) Wafers cut from
sample CM003.
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C.2. Thin section overview images
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A
B
Appendix, Figure C.10.: Overview of thin section OM12-HaS-01 in xpl. Letters
and black rectangles indicate position of micrographs in appendix. A – Figure C.18A1,
A2 & A3. B – Figure C.18B1, B2 %B3.
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Figure 3.11
Appendix, Figure C.11.: Overview of thin section OM13-002hor in xpl. Thin
section is parallel to bedding. See also OM13-002vert (Figure C.12), which is prepared
vertical to bedding. The intersection line is represented by the flat end of the thin
section on the top of the micrograph. Black polygon indicates position of Figure 3.11
and subfigures therein.
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C.3. Detail micrographs (XPL, PPL, CL)
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C.4. SEM images - fracture morphology and fracture mechanism
The following figures are detail SEM images taken from a fracture with composite fracture
paths. The images are supplementary to those shown in chapter 3. Please see Figure 3.33 for
indication of subsequent Figure location on broken surface of SEM-sample H1 (cold, broken
specimen of OM12-HaS-01). The figures highlight that inter-granular cracking is the dominant
fracture mechanisms, but trans-granular fracture paths are commonly observed. Trans-granular
fracture paths are indicated by red arrows, while yellow arrows point a intergranular fracture
paths.
282
Appendix chapter 3
2 µm
1 µm EHT = 5.00 kV
WD = 6.8 mm
Signal A = SE2
Mag = 10.00 K X
Date : 4 Nov 2014
Time : 12:22:59
Appendix, Figure C.19.: Detail of Figure 3.33 (H1 048)
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5 µm
1 µm EHT = 5.00 kV
WD = 6.8 mm
Signal A = SE2
Mag = 10.00 K X
Date : 4 Nov 2014
Time : 12:21:53
Appendix, Figure C.20.: Detail of Figure 3.33 (H1 046)
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5 µm
1 µm EHT = 5.00 kV
WD = 8.8 mm
Signal A = SE2
Mag = 10.00 K X
Date : 4 Nov 2014
Time : 12:18:06
Appendix, Figure C.21.: Detail of Figure 3.33 (H1 041)
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2 µm
1 µm EHT = 5.00 kV
WD = 6.8 mm
Signal A = SE2
Mag = 10.00 K X
Date : 4 Nov 2014
Time : 12:16:08
Appendix, Figure C.22.: Detail of Figure 3.33 (H1 038)
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C.5. SEM-BSE images - EDX mapping
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OM12-HaS-01-polished-etched
1 µm EHT = 15.00 kV
WD = 7.1 mm
O Kα1 Ca Kα1
C Kα1_2Na Kα1_2
5 µm 5 µm
5 µm 5 µm
Signal A = AsB
Mag = 20.00 K X
Date : 4 Nov 2014
Time : 09:54:36
Appendix, Figure C.23.: SEM-BSE image of a polished and etched limestone sur-
face. Below EDX Oxygen, Calcium, Potassium and Carbon distributions maps.
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